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ABSTRACT:  The  book  presents  the  physical  fundamentals  of  the 

aerodynamics  of  air  cushion  vehicles,  results  of 
experimental  studies  on  nozzle  installations  forming 
the  air  cushion,  and  an  approximate  theory  for  deter¬ 
mining  the  aerodynamic  characteristics  of  a  vehicle 
from  specified  geometric  parameters  of  its  flow-through 
section.  Functions  are  derived  that  determine  transverse 
static  stability  of  an  air  cushion  vehicle  with  a  section¬ 
al  ized  nozzle  installation.  Relationships  arc  set  up 
between  the  drag  of  the  flow-through  section,  the  lift 
properties  of  the  vehicle,  and  the  aerodynamic  character¬ 
istics  of  fans.  A  complex  of  parameters  is  outlined 
for  the  aerodynamic  calculation  of  a  vehicle  in  the 
hovering  regime.  The  book  is  written  for  engineers 
and  designers  working  on  diff**rnn»  Linds  of  air  cushion 
vehicles.  ’"‘nATIONAI  TFCHNICAl 
information  servk  f 
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khan.  n  mknv,  V.  1.  i'LiTPdiniin.iK.i  nim.-i  1  a tc.v  ria  Voy.dushriov  Podushke  (/icro- 
mini  :  of  Air  (.'tin’. ion  Vehicles),  f'.os«  ow,  "Mashinns  trnyeniye"  Press,  )')'(?, 
y.’h  pi . 

it  ti.'  look  nr<’  presented  the  phy  j  i!  fundamental  r.  of  tin*  aerodynamics 
i*|‘  iir  u.  r  ion  v*  h  i  1  n;  results  *»f  .  >  per  j  -ienta  I  ::tur,i<::  on  noy.vslc  installa¬ 
tion:  formiry  tr  <  air-  <  unhinr.  an  .  et  forth;  and  an  approximate  theory  in 
riven  ’or  toe  'I. •termination  •  i'  a<  rodynaii.i--  •'hnraoteristicn  ol'  a 

veliieji  from  npeoil'iec  /*<or.e  t  -i<-  parameter!-  ol'  i  tr  f  low-through  section. 

hine t  i ' >n.o  are  derived  that  :etir  itn  trai  :vt  r:a  static  stability  of  a 
nh  k;  le  with  »  r,<  tioriali.wd  nozzle  installation.  The  effect  of  the  principal 
,-rometri.-  parameter",  on  the  aerodynamic  md  orient  characteristics  of  a 
vehi  le  in  examine.':,  i-.e  latior.nh  ip:  are  :,et  up  between  the  draft  of  toe  flow- 
throufh  section,  th<  lift  properties  .,f  the  vehicle,  and  the  aerodynamic 
■harac teri.n  ties  of  farm.  The  jirineipal  method!-,  of  varying  the  hoverin/’ 
re,  in*  f  Me  vehicle  ever  a  solid  support  surface  are  investigated .  A 
•ample  v  of  parameter:',  in  outlined  ’or  tie*  aerodynair ic  calculation  of  a 
vehicle  ir  the  hoverin,  regime. 

The  hook  is  inteiidel  f;  r  <  r w  i r .  r  •  ar.  i  designers  «k  signing  different 
Kino-  of  air  cushion  vehicle-  .  \  1 1  1  mt rations 5  rtf  biblicftraphic  entries. 
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A  t . :  r  •  i  mutely  1  yearn  igo  pi  Inin  r ,  c.  t  •  o  ,  in  r  i  n#  •  train  ol'  the  firnl 
’(  .  i  npt.  rr. ,  that  in  din  t  pr<  xir:i  tv  t  the  ground  -fur  in/*  landing  tin  addi- 
•  i  on  1 1  lif*  act  in,'  on  tie  h<  1  i  copter  i;  produ  i.  /,  kind  f  cunhion  id 
formed  >i.  iwi’or.  the  hoi  i  -op  tor  and  th-  ground  airfare,  .'of  toning  the  landing, 
rhi  phono”. -nor.  in  a  <  onsequ,  n  e  f  tho  ti<  ”n  i.vntitni ■  ,  ffect  of  /-round  proximity 
>>n  th,  jet  f  air  expel  lr  !  I  y  t ,»  lift  propeller.  7hu '  trio  tone  "air  cunhion" 
appear'  !  fi  r  tho  first  trio. 

The  ;  i no* i j» I .  of  u  ••  ‘  j-,i  'nave’  it  1 1,.  j  nu;ent  lino  in  finding 

iri  von:' in,”  tppl  i  a  1 1  nr.  in  vivo!  fiojpi  <  •'  toohnt  1 11/7  . 

As  ti  .  result  of  th>  ir<  ti  ,1  ant  e rir<  .ttal  tuuiea  of  air  cunhion 
vori  1  '■  lev.  ar  :  t<  sts  f  different  -..ihIo  j  r. ,  r.»  rviiu*  vd”i<»us  fnn-.'tionn,  conducted 
in  tno  .,ov  jo*  Union  and  abroad,  fio !  tv.  of  appli-  at.  ion  arc  being  found  in 
i  -h  » fir-  air  cur.  hi  on  in  an  extremely  •  iT<<  tive  .and  irr.etiies  the  only  no  an  a 
for  imparting  to  a  giver,  vehi :•]••  or  *>■  hnologi  al  [  rovenr  new  qualities, 
vropertie:  ,  ir.d  specif icationr. . 

.•.t to:r.ptr.  to  utilise  *ke  air  ushior  in  nakir  g  new  kinds  of  means  of 
onvoyancr  in  juite  natural.  Air  -ur.hiun  vehi<  le.  nave  the  following 
advantage.”  -ompared  to  ther  kinds  f  transport : 

the  possibility  of  obtaining  ty  means  of  iir  uets  a  lift  force  many 
tin's  r  >:  .  (.ding  tho  rea  tier  force  of  these  jets  at  some  distance  from  the 
support  surface.  Tr.i;  advantageously  differentiates  air  cushion  flight 
vehicles  from  other  kinds  of  aireraft; 

the  absence  of  direct  eon  tv  t  f  tv  air  cus.'.ion  vesicle  with  the 
support  surface,  which  severely  lowers  the  dra<  ui.d  permits  a  transport 
conveyance  with  high  translational  velocity  to  be  built; 

the  possibility  of  uai n<  an  1  support  the  underl ying  surface  with  any 
de<free  of  viscosity.  Tliis  makes  it  possinlr  to  produce  all-terrain  trans¬ 
port  conveyances  capable  of  moving  over  solid  ground,  boggy  swamp,  snow, 
sand,  shallow  water,  and  deep  water;  and 


hi,.  \r>  k-ahiinrbing  p  report  iu/  n!  ‘he  air  cushion  thrtxjgh  which  th» 
w  of  i.hr  v.  hi<  Jr  i.;  /cry  ovoii'y  t  rur  r.mi  tted  to  the  .lupport  surfucc. 

..i  ill  roughnesses  of  the  support  surl'u1  <  Iktc  have  practically  no  effect,  on 
t.h.  arn'othri*  ::'.  of  movetuont  of  th.  v « *li i ■  !<•  hath  at  low  and  high  apoeda. 

A  modern  air  cushion  transport  vihich*  ia  a  complicated  machine , 
•'•mhir.ing  M.o  ichievement:;  of  ai iny  fields  ,f  technology.  bans  and  compres¬ 
s'*!/  arc  u-mI  to  produce  the  air  cushion,  while  the  Mirant  giving  the 
vehicle  its  trunalational  movement  in  produced  by  air  or  water  propellers, 
water- jet,  <t  air-jet  engines.  Piston  and  jet  ermines  urc  used  as  the 
drive  for  the  fans  and  propulsors.  High  n  quiremonts  are  imposed  on  trans¬ 
missions  'omirting  torque.  The  vehiclr  hull  ii;  given  advantageous  uero- 
dynanic  and  hydrodynamic  contours.  Ltr.  flow-thr  .ugh  section  often  is  a 
•implicated  system  of  channels  and  nor. •/lea  supplying  air  tc  the  bottom 
motion  of  trie  vehicle  to  produce  trie  air  cushion.  The  vehicle  is  provided 
with  installations  ensuring  the  requisite  stability  and  controllability 
during  tukooff,  flight,  unci  landing.  Designing  and  constructing  these 
vehicles  would  be  impossible  withou  scientific  research  studies  in  aero- 
nyd  rodynoc.ics . 

hxperifr.ee  shows  that,  air  cushion  vehicles  can  find  wide  application 
as  vessels  for  travelling  over  water  surface  and  especially  over  shallow 
water,  if. '  possibility  of  hovering  and  flight  over  water  surface,  flouting, 
ind  passing  over  rand  bars  uriu  shoals,  emerging  on  a  sloping  bank,  and 
travelling  over  lund  imparts  r.ev  qualities  to  these  vessels.  'Hiese  vessels 
can  travel  over  impassable  awamps,  marches,  and  driftwood,  where  neither 
water-displacement  vessels  nor  wheeled  and  tracked  machines  can  traverse. 
Neither  piers  or  wharves  are  required  for  air  cushion  vehicles,  exiting 
onto  a  solid  bank,  they  can  receive  passengers  and  cargo.  The  achieved 
speed  >f  IPO-170  km/hr  is  not  the  maximum  for  these  vessels.  Tt  is  not 
precluded  '.hat  year-areur.d  operation  of  these  vessels  on  rivers  is  possible, 
since  they  uri  travel  over  sand  and  ice.  All  this  advantageously  distin¬ 
guishes  air  cushion  vehicles  from  water-displacement  vessels  and  hydrofoil 
craf t. 

Building  prototypes  of  overland  air  cushion  vehicles  travelling  at 
1  hallow  height  above  ground,  in  vi-w  of  their  considerable  disadvantages, 
thus  far  cannot  compete  with  existing  n<  anc  of  land  transportation.  Severe 
duct  formation  and  poor  controllability  hamper  the  operation  of  these 
machines . 

Largo  forces  for  acceleration  ar  J  braning  of  a  vehicle  and  restraining 
it  from  sidi  slip  are  required  for  executing  maneuvers,  overcoming  even 
..hallow  elevations  and  descents,  and  for  travelling  obliquely.  These  forces 
can  be  produced  at  the  penalty  of  a  large  power  outlftf  of  engines  and  the 
employment  of  complicated  control  devices. 
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.'la i n t a i nir.g  contact.  of  ar  lir  ,  us.liiori  vr  *1  i * •  i **  with  Uie  ground  curfaco 
i»,  n.an/  nl'  wheels  cy  t r.  i  ■  a  it.  possible  to  uild  land  transport 

v-  '  i  - !  *  .*  w^t!  new  proper  If  .>on  of  th<  we  i,  tit  of  the  vehicle  io 

triimlVnv  i  to  tli« •  .-'•nun-'  in  a  'inpr  ri  •  :  trine r  by  menus  of  air  cushion, 

Urn  tin  ti  iviTuat  i  1 1  ty  of  wh-el*  i  mo  t  r  i  k«  .  vihicl'i;  a.*  ho  appro  iabl.y 
in  ro>  till  .  mi!  machines  cai  hr  hnilt  with  sign  load  capacity  that  io  beyond 
known  kind;  of  nnveyanc,  . 

Th"  pi>  1 1 1  r in  nf  arn •d.ynac.i  <•  t.r<  I  d  iimppi  ■  vr  l  or-  air  cunnion  vehicles 
in  will  !i  t. t,t  oupport  unitr.  { wti<  <  lit,  track:  )  arr  partially  unloadod,  and  it 
ra  rone:  p.  isle  ti  operate  thru*  m'-hines  on  roads  and  in  po|iu lutorl  places. 

hr  pi  f-  lug  partial  unload! of  th«-  support  units  nukes  it  possible  to 
build  ici  tin*  with  no  re  advantageous  power  :h  lraoterintion ,  since  it 
iH'com  s  possible  tc  appreciably  *u  •<  tlir  ro  ui-i  t  ,jr  flow  and  to  simplify 
the  iimit  or  fornin,  the  air  cushion.  i'’oMom:  associated  with  aerodyTiamic 
iciiii  vemont  of  stability  of  trav<  1  fade  away.  i’his,  in  turn,  leads  to  the 
possibility  of  using  fans  at  lew  ar*  ;i;mn  ,  which  apprciably  lowers  the 
■n  rodynami*  noise,  itun  t  and  spi  »sh  formation  ..re  also  reduced,  since  the 
or  cape  vel'>  ity  of  the  air  ,;ets  !  r  »  vein::  le  with  partial  unloading  of 
the  supper*  units  is  lose  ten:  in  a  vein  1“  with  tot  tl  separation  from  the 
ground,  given  the  sane  i;eraii  dimensions. 

bright  vistar  unfold  for  lr,>-  ti  r  ishion  pnr.  ipli  apjiliid  to  the  build¬ 
ing  of  h  in;-  speed  transport  nii.vi  yan  i  ..  travelling  over  specially  prepared 
read::.  !v;  maintaining  a  rail  ar  <■:.  an  air  cushion  over  a  rail  bed  or  over 
t  Taw,  i.i  ai'l.  in  the  f..m  <f  mipp  -rt  nl.,  hunne 1 rough ,  nr  tunnel,  and 

hv  p  red  i.c  i  *  tliHir  t  wit'  at  air  prej  ■  I  It,  jet  engine,  ar-  ;i|n  jal  electric 

i-.cif.ir,  i  •  i.i  >'»*:'  po.i.-i  nl<  to  prodn...  4  •  *  .via  .  i  transport  conveyance  witn 
t  velocity  r.e V‘  ral  times  greater  thar,  ■■  speed  of  i  railway  train. 

t  the  present  time  t.%  >tn»-r  i -j  t .a r . i.  field  of  use  for  the  air  cushion 
l.as  beer,  noted  —  its  employment  i /  the  metal lurgica 1  industry  for  the  heat 
treat  me  nl  of  roll  end  sheet  -•••♦al  ,  especially  light  alloy  metal. 

V!i‘  use  of  the  vir  usnir.  a«.<.;  at  possible  t.o  introduce  radical 

nar.ges  int-  the  design  <  i'  fun.;  ec  ir.d  to  appreci  ibly  improve  tr.e  techno¬ 

logical  process  of  heat  t ••••a tm«  r. t .  It  neoomen  possible  to  assign  to  the 
air  rv.hhinn  two  functions  simultaneously:  sea  tine  I  cooling)  of  the  sheet 
and  its  tranrpor tinr. 

liapxu  anil  uniform  heating  ar.  sling  1'  sheet  and  roll  strip  witn  jots 
producing  ar  air  cushion  yields  a  noo/i/i  m*emi  metal  structure  with  small 
grain,  tri  tly  ngulated  <  ooled  working,  and  a  r.arr  >w  range  of  mechanical 
properties  both  in  the  longitudinal  and  the  trass verra  rhe "t  directions. 

The  sleet  is  supported  in  the  furnace  with  the  naan  jets  in  the  suspended 
tate,  wrii  •!  permits  retaining  its  high  ..urfa  c  properties,  since  the  sheet 
has  ro  direct  contact  with  furnace  parts  over  t!»  entire  route  of  its  travi  1 
during  heat  treatment.  The  high  rate  of  snoot  seating  and  cooling  combined 
with  the  trinsporting  operation  make:;  it  possible  to  build  a  high-capacity 
furnace  with  small  overall  dimensions,  inn  with  a  high  efficiency. 


Methods  of  air  cushion  production  arc  being  steadily  improvod,  und 
the  scope  of  itn  application  for  the  moot  dive  roe  technical  purpoooo  is 
broadening.  Aircraft  with  air  cushion  landing  gear  are  being  tented  tor 
takeoffs  from  a  landing  on  unprepared  ground.  The  firnt  successful  experi¬ 
ments  in  tranoporting  drilling  rign  in  petroleum  fieldo  on  air  cuohiono  urc 
a  matter  of  record.  Transport  platforms  on  air  cuohiono  are  being  employed 
in  moving  freight  and  equipment  within  rooma  during  installation  work.  The 
air  cuuhion  in  used  in  metalworking  machines  and  manipulators  for  supplying 
machining  stock;  support  towers  are  put  into  place  more  easily  with  the  aid 

of  air  cushions.  Aoboccment  slabs,  motion  picture  film  during  manufacture, 

and  food  products  at  warehouses  are  being  conveyed  on  air  cushions.  Electric 
enrs  in  intrashop  transportation  operate  on  air  cushions;  severely  3ick 
patients  are  conveyed  on  air  cushions  in  clinics. 

The  first  concepts  of  the  possibility  of  increasing  ship  speed  by 
supplying  uir  under  itn  bottom  section  were  advanced  as  far  back  as  the 
19th  century.  In  1079  the  British  scientist  Proude  raised  to  the  prospect 
of  reducing  the  resistance  of  water  to  ship  motion  by  introaucing  a  thin 

air  interlayer  between  it3  hull  and  the  water.  In  ‘i882  the  Swedish  inventor 

1/ivul  patented  it,  a..u  then  built  on  models  and  in  a  prototype  craft  the 
so-called  "water  lubricant."  At  th>  same  time  attempts  to  achieve  this 
effect  were  unsuccessful.  Kesearch  work  on  practical  implementation  of 
this  principle  often  wan  halted  and  then  resumed. 

The  principle  of  air  cushion  travel  was  most  completely  and  clearly 
substantiated  in  1927  by  K.  K.  Tsiolkovskiy  f bQ ] >  who  wa3  the  first  to 
express  the  idea  that  by  supplying  compressed  air  under  the  bottom  of  a 
means  of  conveyance  it  can  be  raised  by  come  height  into  the  air  above  the 
ground  surface  and  maintained  in  this  position,  and  by  imparting  the 
necessary  thrust  it  cun  be  given  extremely  rapid  speeds  of  translational 
motion  at  relatively  small  power  outlay. 

K.  t.  Tsiolkcv"kiy  established  that  the  friction  of  a  train  is  nearly 
entirely  eliminated  by  excess  air  presoure  between  the  flow  of  rail  car 
and  the  railroad  bed  adjoining  it,  and  the  pumped  air  ruises  the  train 
by  several  millimeters  and  in  expelled  along  the  edges  of  the  base  of  the 
car.  Several  proposals  to  implement  this  principle  advanced  by  K.  E« 
T3iolkovskiy  were  implemented  in  natural  structures  and  designs  for  present” 
day  nachines. 

The  first  air  cushion  vehicle  built  in  the  Soviet  Union  was  the  L-1 
craft,  built  and  tested  by  V.  1.  Levtcov  in  1934*  This  two-3eater  with 
a  water  displacement  of  1.09  tons  had  two  HO  hp  M-11  engines,  driving 
propel ler- fans ,  and  could  travel  over  water,  sand,  plowland,  and  snow  at 
speeds  up  to  60  km/hr.  V.  I.  Levkov  had  begun  his  work  on  building  it 
air  cushion  vehicles  as  early  as  1927  in  the  aerodynamic  laboratory  of 
the  Novocherkassk  Aviation  Institute.  There  he  conducted  extensive  experi¬ 
mental  studies  on  various  models,  the  first  of  which  was  tested  in  1931  • 

Under  the  supervision  of  V.  I.  Levkov  an  entire  series  of  air  cushion 
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Fig.  L-  >  Mr  ■  ushion  'rai  l  ( designed  by  V.  I. 


1/  vkov ,  if'"1 


i  raft  wen  built.,  capable  of  t.rv'<  11m.-  <  v«  r  lee,  wi tor,  shallows,  crossing 
SHrtd  barn  and  shoulo,  and  on  ecu.  rg ir./-  nt.’o  a  bunk,  of  travelling  over  dry 
land.  One  of  thou*'  oral  t  (Fig.  l)  wits  i  water  displacement  of  6.6  tons 
and  equipped  with  two  b(jC  bp  X-  ‘  engines,  buiJt  in  1  935»  dioplayed  a  speed 
over  water  that  was  unprecedented  for  that  time  —  133  km/hr. 

Late  in  the  1930's  an  attcc.pt  was  made  in  the  doviet  Union  to  employ 
an  air  cushion  device  on  an  aircraft  in  pla:o  if  landing  gear  for  takeoffs 
and  landings  on  unprepared  anil.  ?hi"  1*  vice  was  built  under  the  supervision 
of  A.  D.  IJatliradxe  on  the  UV-.  aircraft  ir.  1  V,  ’  and  wan  tested  by  test  pilot 
I.  I.  Ghelest.  The  approval  of  thin  installation  pointed  to  the  theoretical 
possibility  of  giving  aircraft  r.ew  takeoff  and  landing  capabilities. 

In  19^3  G.  b.  Turk  in  proposed  the  design  for  an  all-terrain  nonwheel 
transport  vehicle  with  a  nozrl«  u,vst<r.  *.i  ti  -use  ion  formation.  During 
the  two  subsequent  years  he  built  several  rod*  Jr:  of  air  cushion  vehicles., 
unu  then  a  light  experimental  machine  equipped  with  two  motorcycle  engines 
driving  axial  bands  to  supply  air  V  tne  no?.;. Jen.  In  this  vehicle  the 
nor.slen  were  arranged  along  the  perimeter  of  its  bottom.  Tests  were  made 
of  this  vehicle  in  1995.  In  1Q‘  the  fr*-  *  single-place  all  terrain  air 
cushion  vehicle  was  also  tested,  bell*  a.uer  the  supervision  of  V,  II, 
Koshokhiri. 

In  the  1999*  s  interest  in  air  •urhi-  r.  v*  hides  rose  sharply  both  in 
the  Goviet  Union  as  well  us  abro.u.  From  1 933“ 1 504  dr  cushion  vehicles 
began  to  be  investigated  ir.  Great  Brit-air  md  the  United  states,  and  in 
recent  year?,  especially  after  th<  ■*  instruct  ion  in  1 9  5>  9 »  on  the  proposal 
of  British  designer  C.  C.  Cockerell,  of  th<  ,  xpr  rir;er.tal  Hovercraft  air 
cushion  vehicle,  the  SH.  N-1 ,  also  ir.  many  other  countries. 

In  recent  years  several  experimental  air  cushion  transport  vessels 
have  been  built  in  the  Goviet  Union. 


Th»  year  1  %2  saw  ttio  completion  ol'  the  boil  din/'  of  the  exporic.on  tui 
Neva  air  cushion  passenger  vessel  (Ki /.  2).  The  platform  of  thio  vessel, 

•  •quipped  with  two  floater-nidi*  bed  ion  and  with  bow  and  morn  1’lupo  inn  tailed 
between  them,  forma  the  chamber  f<  r  \i  e  air  cunhion.  The  followin/;  are 
;  1  tun  ted  in  the  nujier.'i  true  tun*  on  ttie  platform:  the  wheelhouae  —  in  the 
bow  nee  Hon,  eompartir.entn  for  the  fan  and  for  fan  engines  —  in  the  central 
amidships,  and  two  panoen/^or-plaee  lounges  —  ulon/  the  sides.  The  uir 
cunhion  in  produced  with  two  2-m  diameter  uxle  farm ,  and  the  thruat  for  the 
trunclati  rial  notion  in  provided  with  a  2.b-m  diameter  air  propeller.  a 
.  <’h  hp  piston  aircraft  engine  driven  each  fan,  and  the  uir  propeller  in 
driven  wit.  a  2B‘  hp  [linton  engine.  The  ship  iu  controlled  with  rudders 
installed  behind  the  uir  propeller,  and  with  rotary  plenum  chamber  llaps. 
llie  chip  length  is  17.3  m,  its  width  is  n.n  m,  its  re  ight  from  the  base 
line  is  m,  and  its  water  displacement  in  n.*'  tons. 

hi  11 -wale  tests  revealed  adequate  stability  and  controllability  of 
the  vessel  when  travel  Jin/:  on  its  air  cushion.  The  snip  showed  a  speed 
of  about  mi  km/hr  over  quiet  waters.  It  freely  o merges  onto  sloping 
banks  and  traverses  sandbars.  Vind-driven  waves  up  to  aDout  0.^>  m  in  height 
do  not  impede  its  nntior  it  any  hi  ad  in/’  witr.  r<  npe<_  t  ,o  the  wave  direction. 

In  1  m.. i  worker"  it  the  Krarr.oye  hornovo  Plant  and  th<  TsAGI  [central 
Ins ti tut*  of  Aerohydrociynnmics  ineni  W.  Ye.  hukovekiy]  developed  an  aero- 
hydrodynamic  layout,  and  in  1%2  built  the  Coviet  Union's  fir3t  air  cushion 
river  craft,  the  Hadugn  (Ki/:.  3),  'd  tn  nuz.’le  configuration.  The  craft 

is  a  planfonr.  oval  platform  on  which  is  situated  a  streamlined  superstruc¬ 
ture.  The  nozzle  rection  is  built  into  the  platform,  consisting  of  a 
single- pass  nozzle,  two  longitudinal  and  two  transverse  stability  nozzles. 

To  improve  the  seaworthy  qualities,  the  bow  formations  of  the  cruft  were 
profiled  accord  inf  to  smooth  curves. 

T!i<  followin/:  arc  situated  in  Ur  superstructure:  the  deckhouse  with 
placer  for  the  pilot  ami  four  pncr.r.ug*  rs ,  anc.  1800-nn  diatM?ter  axle  fan, 
ir.fi  u  21*)  hp  aircraft  piston  engine  driving  the  fan.  The  thrust  for 
Movement  i".  provide  I  with  a  re\ ••  rs i >- 1< •  two-blade  24 bO-:i":  diameter  air 
prc'peller  with  a  shuf t-mour ted  'n  hp  opine,  Th**  water  displacement  of 
the  craft,  when  empty  is  2.  t-vo.  It  is  J$t'J  mr  ir.  length,  4120  mm  in 
width,  in!  3420  in  hei/'ht  i^n  l.ui::/  t.r.e  air  propeller).  Craft  control 
is  provided  with  two  air  rudders  r.oui.tc  !  aft  of  th«  air  propeller. 

Trial  launches  were  held  iri  tr.e  autumn  r.f  1'»02,  ana  stand,  mooring, 
and  rur  tests  —  in  Y)(  3.  The  'nates*  specs  „vi  r  quiet  water  was  about 
1 '  km/h: ,  and  about  60  km/h r  ff  :*  f  to  !  over  icy  snow-covered  surface. 

'Plie  croft  rose  to  120  mr'  over  hard  /"round,  and  up  to  1  l/j- 1  ?0  mm  when 
travellin/'  over  water  surface  »t  speeds  upwards  of  00  kn/hr.  The  craft 
emerges  onto  sloping  banks,  travels  *  vr  sandbars  and,  without  slowing 
mown,  moves  from  the  beach  te  U.(  water.  In  1  %h  an  elastic  enclosure 
whs  installed  at  the  nozzle  section  of  the  craft,  permit  tin/  greater  craft 
trf vernubii ity.  The  craft  freely  passes  over  driftwood  in  the  river. 
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Fig.  2.  Nova  air  cushion  passenger  vessel  (1962) 


Pig.  p.  Raduga  air  cushion  cr»  ft  (l96j) 


In  196  5  designers  of  tne  Krasnoye  Jorrr.ovo  Plant,  Jointly  with  scien¬ 
tific  personnel  of  the  TsAGI  developed  plans  and  in  19&5  launched  the 
Jomovich  air  cushion  passer,  or  v<  built  by  the  Krasnoyc  Sormovo 

Plant  (Fi;  .  /})•  It  consists  of  s  lift  platform  ond  a  zigzag-shaped  super¬ 
structure  mounted  there  or..  The  deckhouse  is  in  the  bow  section  of  the 
superstructure,  a  ^O-passenger  loung-  is  amidships,  and  a  machine  complex 
consisting  of  a  turboprop  engine,  axial  fan,  and  two  four-blade  air 
propellers  in  rings  is  in  the  stern. 


The  platform  is  equipped  wit:  float  todies  giving  the  ship  its 
required  water  displacement.  The  air  cushion  is  produced  with  jets  of 
air  exiting  from  the  nozzle  section  built  into  the  platform  and  the  float 
bodies.  Tills  arrangement  consists  of  a  contoured  nozzle  and  two  longitudinal 
stability  nozzles,  .t  fan  and  air  propellers  with  rotating  blades  are 
employed  on  the  ship,  which  makes  it  possible  to  redistribute  the  power 
supplied  from  the  motor  to  the  fan  and  to  the  ir  propellers,  depending 


Fig.  4.  Sormovich  air  cushion  passenger  vessel  (l%7) 


on  the  ship  travel  node.  The  ship  in  controlled  with  air  rudders  mounted 
aft  of  the  air  propellers  and  with  bow  and  stern  rotary  nozzles.  The 
water  displacement  of  the  vessel  i:;  .:)  tons.  Its  length  is  29  m,  width 
10  mf  and  height  b  n.  A  3»4-m  diameter  fail  is  installed  on  the  ship. 

In  Stillwater  tests,  the  ship  demonstrated  a  3peed  of  120  km/hr.  It 
io  lifted  above  the  ground  surface  to  a  height  of  230-200  mm.  The  ship 
easily  overcomes  shallow  water,  exits  onto  sloping  banks,  and  stops  thereon. 

During  the  past  decade,  in  ti.e  ooviet  Union  and  abroad,  interest  in 
air  cuonion  vehicles  has  risen  sharply  and  the  number  of  scientific  research 
and  design-project  studies  in  this  area  has  corresponding  risen. 

In  recent  years  Joviet  scientists  (G.  Yu.  Stepanov,  Yu.  Yu.  Benua, 

K.  P.  Vashkevich,  I.  P.  Iyubomirov,  A.  P.  Biryulin,  I.  T.  Yegorov,  G.  N. 
Sirotina,  V.  I.  Andryutin,  V.  K.  D'yaehenko,  3.  H.  Kolyzayev,  V.  A.  Litvi¬ 
nenko,  I.  V.  Ozimov,  and  S.  A.  -rnirnov),  and  the  designers  (A.  A.  Zhivotov- 
skiy,  V.  A.  Shenberg,  .1.  A.  Gmolin,  and  V.  K.  -oroastrov)  investigated 
a  number  of  problems  in  acrohyiirodynamics,  stability,  and  controllability 
of  air  cushion  vehicles  and  have  built  experimental  transport  craft  serving 
variour  functions. 
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dilAPTKH  CNL 

PRINCIPAL  MrlTHODtj  Or  All.  CUSHION  FORMATION 

At  the  present  tine  air  cushion  vehicles  of  the  most  varied  forms  and 
designs  are  being  designed  and  built.  Various  methods  of  air  cushion 
formation  are  also  employed.  However,  with  all  their  diversity,  general 
features  can  still  be  examined.  For  example,  known  craft  can  be  divided 
into  four  main  kinds  ir  terns  of  the  method  of  air  cushion  formation: 
nl'-nun  c(  unbor,  channel  flow,  :<  .;•.)<  ,  and  vacuum  chamber  scheme. 


1.  Plenum  Chamber  Peber.e 

Craft  built  according  to  the  plenum  chan  tier  scheme  have  a  dorr,  -shaped 
form  in  th<>ir  lower  sef*tio»  (Fir-  L  a).  Into  the  plenum  chamber  formed 
by  the  do  tv  of  the  craft  ins  the  ,-rour.c  surface  a  fan  pumps  air,  which 
sustains  excess  presrur*  compared  to  tne  atmospheric  pressure.  Thi3  pres¬ 
sure  ir  transmitted  to  the  bottom  of  the  craf*  and  as  a  result  a  lift  is 
produced.  ..’hen  the  lift  becomes  equal  to  the  weight  or  the  craft  as  the 
pressure  is  raised,  the  marri.no  of  tn*  raft  <  use  exerting  n  pressure  or. 
the  support  surface  and  the  entire  weight  of  the  .-raft  is  transmitted  to 
the  ground  via  the  air  cushion. 

A  further,  extremely  sli,-ht  rise  n  excess  pressure  causes  a  lift-off 
from  ‘hr  support  surfnc<  and  ti.«  transition  of  the  craft  into  the  free 
hovering  regime,  between  tne  li  w-  -  .nr/, in  of  the  ciaft  dome  and  *he  ground 
surface  is  formed  an  annular  sli*  a:  1  the  escape  of  air  from  the  chamber 
outward  commences.  Here  th«  value  <  f  the  ex  css  pressure  in  the  air  cushion 
at  the  moment  of  craft  lift-off  f’*of  the  .m-ouni  surface  and  in  the  hovering 
regime  i  determined  by  the  wejgr.t  of  t-'e  craft  and  does  not  depend  on  the 
height  of  the  lift.  The  lift  hei/^ht  is  only  a  function  of  the  flew  of  air 
supplied  under  the  cruft. 

A  key  advantage  rf  craft  with  this  configuration  of  air  cushion  forma¬ 
tion  is  the  relative  simplicity  f  their  execution.  The  dome-shaped 
chamber  is  usually  formed  b.,  tne  craft  load-bearing  platform  and  side 
wull3  projecting  brlov.  Air  enters  the  chard  or  directly  from  the  fan 
without  •.►ft  use  of  air-distributing  ducts  and  commies. 


pip* 


..  drawback  of  these  craft  in  the  necessity  of  installing  relatively 
high-eupacity  fans  cf  relatively  large  overall  size  with  the  correspondingly 
higher  power  outlay,  since  air  i'low  for  air  cushion  formation  rises  rapidly 
as  the  craft  clearance  height  inerrases.  The  use  of  craft  built  in  this 
configuration  becomes  desirable  only  for  very’  low  clearance  heights. 

an  ideal  scheme  cf  this  kind  of  craft  car.  bo  one  in  which  air  enters 
the  chamber  in  a  dirperned  manner,  and  the  escape  of  air  through  the  annular 
slit  occur.?  as  if  from  a  reservoir  of  very  large  volume  when  the  air  velo¬ 
city  in  it  in  clore  to  aero.  Ir.  actual  craft  designs  this  does  not  appear 


Pig.  t>.  Schemes  for  air  cushion  formation 

h  --  plenum  chamber  with  vertical  sidewalls 

b  —  plenum  chamber  with  inward-inclined  sidewalls 

c  —  plenum  chamber  with  floaters 

(1  —  plenum  chamber  with  labyrinth  seal 

e  —  plenum  chamber  with  shield  at  fan  exit 

f  —  plenum  chamber  with  vertical  partition 

g  —  multi-plenum  chamber  with  fans 

h  —  multi-plenum  cnamber  with  ejectors 

i  —  multi-plenum  chamber  with  enclosing  sidewalls 


of  execution.  Usually  air  enters  the  ohar.be  i*  from  the  fan  in  the  fern,  of 
a  jet  with  relatively  small  diu;r.et<  r.  This  jet  streams  over  the  support 
surface  in"  ir>  directed  toward  tin  annular  slit.  As  the  result,  the  kinetic: 
merry  of  the  jet  to  a  large  x t.«  nt  is  lost  vitnin  tin*  chamber,  the  uni- 
lormity  of  pressure  distribution  ovt  r  tin-  hunt**!-  s  -rfaeo  deteriorates,  and 
the  flow  "efficient  of  the  annular  it  rises  under  the  effect  of  the 
escaping  jet..  This  leads  to  a  drop  in  lift,  higher  required  air  pressure 
and  volume  flow,  and  a  correspond  in/'  rise  in  the  required  power. 

There  ire  several  mod  if  icationc  <f  raft  built  according  to  the  plenum 
chamber  s< heme  of  air  ousion  formation.  7 o  reduce  air  volume  flow,  the 
side  walls  of  the  rraft  are  given  an  inclination  toward  the  interior  of 
the  chamber  (Fig.  b).  Thanks  to  this  inclination,  it  becomes  possible 
to  intensify  the  compression  of  the  jet  escaping  frer.  beneath  the  side  walls 
for  the  same  'value  of  the  clearance  Ik  tween  the  lower  margin  of  these  walls 
and  the  support  surface,  and  thus  to  reduce  the  volume  flow  ccefficieiit. 

fn-  the  case  when  the  -raft  is  designed  as  a  transport  vessel  for  over- 
water  travel,  its  aide  walls  arc  .a  ten  made  in  the  form  of  buoyancy  tanks 
[l'l outers]  (Fig.  b  c).  These  floaters  give  th<  craft  its  repaired  water 
displacement,  impart  stability  in  the  floating  state,  promote  higher 
flouting  stability  when  the  cruft  ir  travelling,  and  also  3crve  as  an 
enclosure  of  the  air  cushion.  7h<  o  we.-  section  of  the  floaters  axe  given 
a  confi.jur ;  tion  that  permits  ir  V  nsiiying  the  compression  of  the  uir  jet 
bonr  it):  t  <  floaters  m  l  thus  reducing  the  air  volume  flow  required  to 
form  trie  air  ’ushion. 

Jorviug  the  same  purpose,  the  side  walls  of  thr  cruft  in  their  lower 
section  are  fitted  with  a  aeries  of  projections  witn  acute  edges,  which 
in  combination  with  the  suppor'  surfa  e  form  a  labyrinth  seal  (Fig.  5  d). 

In  this  seal  the  air  jet  encounters  a  series  of  successive  compressions 
and  expansions,  due  to  which  t;>e  resistance  to  the  exiting  of  air  from 
beneath  the  floaters  tc  the  exterior  becomes  greater  and  the  required 
exoc.  u  pro 'sure,  for  n  small  air  volume  flow,  is  produced  beneath  the 
craf  i . 

An  a.  nor  me  than  caps  tie  of  trie  air  volume  flow  in  the  craft 

is  the  technique  of  imparting  an  » :var  tu,;eou3  direction  to  air  current 
within  the  cliamber  itself.  Thus,  ty  ins  tailing  a  shield  close  to  the  fan 
exit,  it  becomes  possible  to  direct  the  air  stream  leaving  the  fan  toward 
the  side  walls  in  the  form  of  jets  (Fir.  e).  These  jets,  on  flowing 
off  the  outlet  edges  of  the  side  walls  downward  at  an  acute  angle  to  the 
reference  surface  intensify  the  effe  *  of  compressing  the  stream  as  it 
exits  from  the  annular  slit  toward  the  exterior  and  thus  reduce  the  volume 
of  air  flow  for  the  same  craft  clearance  above  the  support  surface. 

Air  cushion  raft  in  the  plenum  chamber  -onf iguration  have  a  substan¬ 
tial  disadvantage:  as  the  cleurar.ee  height  is  increased,  static,  stability 
is  very  rapidly  lost.  To  enhance  stanility,  the  subdome  section  of  the 
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(•"al't  is  divided  with  a  vertical  partition  into  separate  compartments 
l  Fig.  a  f).  'ivticn  thin  <raft  hoc  la,  the  pressure  in  the  dome  <:o  partiw-nt 
I  n 1 1 < *< I  >'n  the*  depressed  side  risen,  while  the*  pressure  in  the  compart- 
::<  nt  "ii  the  i  lc-vuttil  side  drops.  Thin  causes  a  righting  moment  in  the. 
u  r  -  ii  «h  i  a. 

A  : ; L j  i  1  creator  effect  of  oniian  <ai  itatic  stability  can  achieved  by 
installing  under  the  craft  base  i  g roup  of  chambers  with  independent  air 
supply  to  each  of  them,  for  example,  with  fana  (Fig.  g)  or  by  ejectors 
driven  from  the  name  compressor  (Kir*  0  h).  A  disadvantage  of  craft  built 
in  these  configurations  is  the  relatively  low  load-bearing  capacity,  since 
much  of  the  base  area  outside  the  chambers  i3  unaer  u  pres  sun;  that  is 
r<  <r-a  tru  .spheric  and  participates  virtually  not  at  all  in  lift  production. 

This  drawback  can  be  eliminated  to  a  large  extent  1  y  installing  a 
common  chamber  witli  side  walls  arrayed  alone  the  per  in  ter  of  the  craft 
base  Hnd  envelopin,  a  t)Toup  of  small  chambers  (Pip.  i  .  Air  passing 
through  the  interior  chambers  in  this  craft  reaches  the  common  chamber, 
ana  then  via  the  /Tip  between  the  .side  walls  of  the  coma  m  chamber  and  the 
support  surface  exits  externally.  Two  zones  with  different  pressures  are 
formed  beneath  the  craft:  one-- within  th"  small  chambers,  ann  the  others 
—  outside  these  chambers,  enclosed  by  the  side  walls  rf  the  common 
'•ha  mber. 

A  craft  built,  in  tfiis  ronf  i;r.iration  has  relative  1  i(,h  lift  and  is 
marked  by  i  fairly  high  longi tud inal  .mu  transverse  at;  tic  stability, 
tfhen  loth  the  common  chamber  and  th*  s.iaj]  chamber.;  an  mude  of  an  elastic 
nteria!,  the  craft  car  be  given  eninr.ee !  traversabilivy. 


.  Chaim*  !  -Flow  Jchei.* 

n  cna-acteristic  structural  element  of  ciufv  '-lilt  in  the  channel- 
flow  s chore  is  a  longi  tu iir.al  'camel  formed  by  the  craft  bottom  and  the 
support  surface  for  removal  of  air  f’-et:.  tno  far.  ai.d  its  discharge 
predominantly  toward  the  stern  i  Fi,  .  •  The  stream  of  air  exitiig 

through  tr.ic  channel  can  s imul  tar, ecus ly  also  form  tiie  air  cushion,  support- 
ng  the  raft  at  some  height  above  th*  support  surface,  as  well  as  producing 
th.e  thrust  that  gives  tie  craft  translational  movement.  The  excess  pressure 
within  the  channel  forming  tne  lift  is  produced  by  further  compression  of 
the  channel  opening  wits  adjustable  flaps,  while  the  thrust  is  induced 
from  the  reaction  of  tne  exiting  jet  stream. 

Trie  movement  of  this  kind  of  craft  is  controlled  with  stem  flaps, 
and  alco  wit;,  a  rudder  mounted  in  tr.e  jet  of  air  aft  of  the  discharge 
opening  r.f  the  channel  (in  Fig.  6  a  th*  rudders  are  not  shown).  If  the 
adjustable  flaps  are  opened  wide,  the  stream  of  air  leaving  the  fan  ejects 
air  f-om  the  bow  section  of  tl.e  channel  and  entrains  it  toward  the  3tern. 

If  th*-  flaps  are  opened  only  slightl.,  ,  some  of  the  air  supplied  by  the 
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r'i,  •  *'•  J  me  men  1  air  cushion 
forma’ i  >i  • 
a  —  enanr.el  flow 
l  —  ■  anne  1  flow  wit:,  aead-enu 

tf-wl  formation 

•  —  'r.anr.ol  flow  wit:,  rotary 
tmw  flat. 

for.  .iti’f  i.  toward  t:.o  bow  ir  h  ’  har  r.<  !  and  or  its  externally, 

alien  th'  raft  ir.  * : sve  1 1  ine  under  *„..*•  •  ffo-ts  of  free -at rear,  flow,  ... 

•  r.eai>«  of  dr  througn  t :.••  s  •;  c  .-rd  j*  —  v  •  ak  no:,  and  beginning  at  some 
velocity  trie-  f  ree-r  tre-a  air  f  1  aw  »t  •  :.e  rraf t  passe-  seneatn  it. 

c  advantage  of  a  -raft  ir.:  j  1 1  in  t/.jr  •.-.ere  ir  too  possibility  of 
providing  v/ith  the  :;ui.r  prop.!  :  ifir.i  I"  tl:  raft  lift  and  craft  propul- 
"i'-n.  This  ma.;on  it  p  oriole  *,<  *  ■  ti  •  ini  mum  the  momentum  drag 

or.  the  craft  associate!  wit.1:  «v-  r-  •'  r  of  resistance  of  the  3till 

external  air  sucked  into  t:..  j-.» r •  .  !•  i  diioi.,  in  craft  built  according 

to  thi  Oder.*-  jt  becomes  no  ’  :  \  »  h  i  v.  t.--  accelerated  movement  of 

the  flow  along  the  paf:  :  r  r  i  n<-  fa  t  tne  exit  of  the  marine  1  by  profiling 

of  tin  channel  and  in  thi:  way  to  art.*  :!y  lower  the  pressure  losses  occur¬ 
ring  in  the  expansion  cf  tne  i. ,  tna:  inevitable  in  nearly  all  other 

schonoo  of  air  cushion  format  i  r.. 

Jnf  built  in  this  .  i..  ••  •••.:  i:  .  *  mere  used  traversability ,  since  it 

becomes  possible  to  make  an  peen.,  in  tne  bow  section  cf  the  craft  hull 

for  surmounting  relatively  large  surface  irro,  -ularitics ,  including  waves, 
wien  the  craft,  ir.  travelling  over  space  water. 

•»  <1  i  sal  vantage  if  th?s<  raft  i.,  the  displacement  of  ti.e  point  of 
application  of  the  resul’on'  <  -res:n.r«  forcer  to  their  hot  ton  section 
in  relation  to  the  position  el'  ti.e  a  1,  a:;  table  flap  in  tne  discharge 


opening  og  the*  channel  and  in  relation  to  the  change  in  the  fan  ope  rut  in,; 

finic  at  l,  a;;  ft  result,  difficulty  in  ensuring  stability  of  craft  pzopul- 
;■  i mii  ar.<l  i  tn  control  lfihi  1  i  t.v. 

another  eraft  variant  built,  in  the  flow-channel  ticheme  of  ail  cushion 
formation  iz  rhown  in  Fir.  f>  1.  In  thin  craft  the  inlet  opening  of  the 
flow  hannel  is  covered  with  the  bow  section,  reducing  the  encape  of  air 
toward  the  side  of  craft  motion,  and  flapn  are  installed  in  the  exit 
o}tcnin<-  of  the  channel  .just  as  in  the  scheme  shown  in  Fig.  n  a,  permitting 
uljnntment  of  the  thrust  in  the  horizontal  direction,  and  rudders  serving 
to  induct  i  moment  relative  to  the  vertical  axis,  turning  the  craft  toward 
the  desir-d  side,  are  also  installed  at  the  exit  opening  of  the  channel. 

In  this  case  the  pressure  distribrtion  fit  the  craft  bottom  depends  to  a 
larre  extent  on  the  position  of  the  adjustable  flaps  and  the  fan  operating 
regime . 

The  installation  is  the  bow  section  of  the  channel  of  a  rotary  flap 
(Fir.  b  c)  permits  more  flexible  craft  control. 

tloz.v.  '  (•  Scheme 

The  d  'stinguishing  feature  of  a  craft  built  in  the  nozzle  scheme  of 
iir  sjshion  formation  is  that,  its  or  t tom  section  is  provided  with  a 
peripherally  arrangeo  slit-lik*  no:  ,1c  for  discharging  the  air  jet  toward 
t J • . *  ground  surface  (Fie  .  7  •:)•  •if  from  the  ff*r.  is  brought  to  the  nozzle 
f ;  means  of  a  rece  iver  or  profiled  'harui'l:;  located  in  the*  craft  hull, 
sx  w  ss  pncistire  in  the  air  •u:hic>  it:  this  case  is  produced  by  the  reaction 
force  of  u  <  jot  exiting  from  the  n<  •r.l*  and  streaming  over  t'nc  ground 
•urf.v  /  ir  radial  directions  from  «h<  raft.  To  enhance  the  iir  cushion 
pressure,  the  air  stream  is  directed  beneath  the  craft  at  some  acute  angle 
to  the  ground  surface.  In  thee  raft.  wh**n  in  the  hovering  regime,  the 
■xcors  pressure  is  the  air  cushion  is  ilvays  le3s  than  the  total  pressure 
expanded  in  producing  the  jet. 

The  lift  force  sustaining  t:  ••  o:  ift  at  some  height  above  the  ground 
surface  in  composed  of  the  pressor*  forces  acting  at  the  craft,  bottom  or. 

•ho  air  cushion  side  and  the  vertical  cor.nomr  t  of  the  reaction  force 
nrodumd  by  the  aii  jo*  exiting  d>w:t:  i.  c.t  s^all  learancc  values,  the 
pressure  forces  acting  on  the  raft,  b  are  the  fundamental  forces 

raising  *!"■*  cx-aft  into  the  air.  Th**  vertical  component  of  the  reaction 
force  of  the  jet  is  small  in  this  instance.  .  as  the  craft  clearance  is 
increased,  the  role  of  these  ferce  hunger:  the  pressure  forces  of  the 
air  cushion  do  reasc  while  the  'ma  iior  for*-*.-  becomes  gr-'-Hter.  Thus, 
the  lift  force  is  reduced  for  craft  with  nozzles  having  a  small  flow- 
channel  width  with  increase  in  clearance  height. 

M:e  f  the  noz.zlo  oonf i/'urti t ion  mur<::  it  possil  1*  to  build  air  cushion 
craft  wit:,  relatively  ’urge  flight  hr  1/ ;h  1  for  small  power  outlay.  The 
advantage  of  using  thi:  senome  is  due  t<  the  fact  that  by  employing  a 


Wt. 


tin 


"S"  "■  7,7, 


*  / 


-  tl  •  tt 


V,'/  Z///////Z/ 


\  .  / 

Vi’*  f 


\ 


Pi/;.  7.  .lohomes  of  air 
3ingle-  pars  nozzle  1 

nozzle  wit,},  built-in  fur, 
nozzle  arrangement  wit:, 
recirculation  from 
outer  nozzle  t(  inner  / 

nozzle  arrangement  wit,:, 
recirculation  from 
inner  no-."/, le  to  oute  r  :. 

nozzle  arrangement  wit:, 
recirculation  through 
built-in  belt  fan  i 
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ushion  formation 

—  nozzle  arrangement  with 
partial  recirculation 
through  additional  deli¬ 
very  nozzle 

—  nozzle  arrangement  with 
partial  recirculation 
through  fan 

—  nozzle  arrangement  with 
partial  ejector  recircu¬ 
lation 

two-pass  nozzle  arrangement 

—  two-pass  nozzle  arrangement 
with  ejector 


no/r.le  vi  th  a  narrow  channel  oper.ar;  ard  dir*  -tin,-  the  air  jet  toward  the 
air  cushion  ride,  the  required  leari.ve  .he i/71 1  can  be  provided  for  a 
craft  of  specified  weight  and  v.  ■?.  11  dimensions,  for  small  air  volume 
flows . 
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To  produce  the  uir  cu3hion  lor  a  i  raft  built  in  thi3  configuration, 
m  flow  ?iir  at  relatively  greuter  pressure  and  small  volume  expenditure 
in  requin'd,  along  with  relatively  high-hend  farts  of  low  capacity.  This 
permits  employing  fans  of  relatively  email  size  on  the  craft. 

At  the  present  time  these  exaft  have  gained  the  greatest  acceptance. 
Depending  on  the  purpose  of  the  craft  and  the  requirements  imposed  on  it, 
the  most  diverse  craft  variants  und  modifications  are  employed.  Let  us 
look  at  severul  of  the  most  typical. 

.n  craft  built  in  the  nozzle  conf iguration,  air  from  the  fan  is 
brought  to  the  nozzle  installation  through  channels  laid  in  its  hull 
Ifce  hydraulic  resistance  of  these  channels  to  the  passing  air  stream  is 
detrimental,  since  it  is  not  directly  related  to  the  effect  of  air  cushion 
formation  and  makes  it  necessary  to  employ  a  fan  with  higher  head  and 
additional  power  expenditure. 

n  craft  with  a  nozzle  installation  not  employing  air  ducting  is  known. 
Pig.  7  b  shows  a  scheme  of  thi3  kind  of  craft.  Its  fan  is  built  into  the 
hull  and  the  nozzle  in  such  a  way  that  the  uorking  vanes  are  located 
directly  in  the  entrarce  of  the  annular  nozzle  and  the  hub  serves  as  the 
actual  bane  of  the  craft,  internal  air  is  sucked  into  the  nozzle  directly 
from  the  ambient  atmosphere  and  exits  from  the  nozzle  in  the  form  of  an 
annular  jet  directed  under  the  craft  bottom. 

This  installation  permits  not  only  bypassing  the  use  of  air  ducting 
and  associated  detrimental  resistances,  but  also  the  superior  uBe  of 
dynamic  pressure  built  up  by  the  fan. 

A  key  disadvantage  of  this  kind  of  craft  is  the  necessity  of  employing 
large  fans.  The  complexity  of  design  of  the  fan  as  well  as  the  transmission 
to  it  renders  these  craft  unsuitable  for  transport  vehicles.  Hiis  scheme 
can  be  used  in  building  small  craft  with  small  clearance  heights. 

In  craft  with  a  single-pass  nozzle  installation  (cf.  Pig.  7  a),  the 
entire  volume  of  the  external  air  sucked  in  by  the  fan  exits  at  high 
velocity  through  the  nozzle  intc  the  surrounding  atmosphere  and  its 
kinetic  energy  is  completely  lost.  When  thi3  craft  is  travelling,  addi¬ 
tional  drag  is  produced,  caused  by  the  forces  of  inertia  of  the  still 
external  air  sucked  in,  referrea  to  as  momentum  drag.  The  value  of  this 
drag  is  directly  proportional  to  the  amount  of  air  passing  through  the 
craft  and  to  the  craft  velocity  and  is  comparable  in  value  to  other  main 
kinds  of  drag. 

Craft  built  in  the  nozzle  configurations  with  air  recirculation 
(Fig.  7  c  and  d)  permit  a  reduction  in  the  kinetic  energy  losses  of  the 
jeis  and  lower  momentum  drag  by  trapping  the  exiting  air  streams  and 
using  them  again  to  form  an  air  cushion. 
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'eiriaritu  of  nozzle  conf i/nirat ion:;  with  air  recirculation  arc  differ- 
<i. it'll,  il  i  f feeing  by  th**  n<*  Uiod  uf  arranging  th<-  delivery  and  ouction 

I.  i  in  th*-  iralt  ha  mo  .  In  th*-  I  i  r:  I.  variant  a  delivery  ooze  le  nerves 
t; :  till1  •'  1  ti-rnal  ll*> 1  • '  J  « n  •? » I.*  *•  I  111  the  h'lMe  [H  I'iph*Ty,  and  a  nucLion 
>a  ,le  nr  rvi’ii  a:i  the  lnaTnal  n<>  |.-.  i»,  th<  uevond  variant  a  auction 
no.  .!••  in  the  external  nozzle ,  mu  a  delivery  i.oz..1**  iu  the  intcj'naJ . 
Acnordim  ly,  in  the  first  vuriant  jets  are  directed  from  the  periphery 
towunl  the  center  of  t.he  bane,  and  in  the  second  —  from  the  buse  center 
toward  it.;  periphery.  In  craft  whose  schemes  are  shown  in  Fig.  7  c  and  d, 
recirculation  air  i3  r.oved  by  an  uxial  fan  located  in  the  craft  hull. 

Uni  design  solution  of  there  craft  is  the  use  of  a  belt  fan  built 
directly  into  the  nozzle  installation  (Fig.  7  c).  The  blades  of  this  fan 
are  secured  to  spec,  a  1  belts  moving  on  guides  along’  the  nozzle.  Depending 
on  th‘  position  of  the  blades  on  the  Lilts,  a  given  variant  of  flow 
lir  ectier.  of  recircu.  atior:  air  in  th*4  nozzle  installation  cun  be  attained. 

tfxj.  rien*  e  show;  that  nozzle  installations  wits  air  recirculation  are 
less  ■  ffjcient  con  :z.'«-l  to  ordinary  single-pass  nozzles  with  air  discharged 
external  ly ,  .since  a  smaller  excess  pp.osur*  ir.  tne  air  cushion  and  a  weak 
lift  ip  achieved.  The  necessity  of  installing  a  suction  nozzle  and 
auxiliary  ducting  in  a  craft  in  eng  r  to  achieve  recirculation  produces 
tiditionui  drag,  exceeding  tin  dynamic  pressur*  of  the  air  jet  exiting 
I'm-,  the  delivery  c  z  le  and  bringing  to  nati  dtt  the  apparent  possibility 
of  employing  the  kinetic  energy  of  the  jet. 

A  ■>  z •  1*  installation  w.hos*  .  -nere  is  clown  ir.  big.  7  d,  for  very 
small  ei.- 1 ranee  heights,  1  as  a  property  of  adhering  to  the  surface,  that 
is,  has  a  nogs' ive  lilt.  When  at  the  ground  surface  a  craft  fitted  with 
this  kina  <f  nozzle  ins tu 1  lotion  cannot  rise  independently  when  the  fan 
is  operating. 


There  »re  nozzle  installations  with  partial  recirculation  in  which 
tne  air  jet  splits  into  two  parts  on  exiting  from  the  delivery  nozzle: 
one  part  streams  out,  and  the  other  is  diverted  beneath  the  craft  and 
then  via  additional  ducting  agiio  enters  the  air  cushion. 

hoz.zle  installations  whose  schemes  are  3.hovn  in  Fig.  7  f,  g,  and  h 
c;in  serv  an  examples. 

In  the  installation  built  awarding  to  the  scheme  of  Fig.  7  f>  air 
is  bled  directly  from  the  air  cushion  and  via  auxiliary  ducting  built 
in  th*  craft  hull  is  dis^hargi  4  * : z  »  -d  the  ground  surface  via  auxiliary 
deliver,,  nozzles.  Air  leakage  from  tile  air  cushion  is  replenished  by 
jets  splitting  off  from  the  main  air  jets.  Flow  in  the  auxiliary  ducting 
is  maintained  by  the  excess  pressure  in  the  air  cushion. 

The  installation  built  a  cording  tc  the  scheme  in  Pig.  7  h  differs 
ir.  that  some  of  the  air  splitting  away  from  the  main  jet  toward  the  air 
cushion  is  sucked  in  by  the  far.  through  additional  ducting,  and  is  then 
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brought  to  the  delivery  novel#*  and  tigcther  with  the  externally 
•  •reaping  air  is  d ischa ry^ed  toward  the  support.  surface. 

In  t.*<  no  i  ri: ; !..» I  la  •  i .  n  (ri,.  /  h)  partial  m  o  i  rcu  1  a  lion  of 

nj  r  i  ■  i  h  jovod  if }  ly  in  u  d«.)iv#  ,-y  ri"  .!<•.  It  in  assumed  that  tin* 

pre.piure  r*i:;o  in  tl»'  sir  "ushiofi  results  from  tho  *1  i f I*i im*-* i*  effect  as 
air  flow:-  toward  the  air  <  uahion  in  tin  g  p  formed  by  t.h#  profiled 
section  ,f  the*  no.  ’/.le  bottom  and  tho  nappe  rt  surface.  The  recirculation 
flow  in  thin  installation  in  produred  by  the  ejecting  action  of  the 
stream  of  air  fed  by  the  fan  into  tho  upper  3oction  of  the  delivery 
nozzle . 

Nozzle  installations  with  partial  recirculation,  shown  in  Figs.  7  f 
and  g,  ai-*'  uerodynamically  also  less  advantageous  than  ordinary  single¬ 
pass  nozzles,  since  their  suction  ducts  produce  high  additional  drag. 
Local  pressure  losses  in  the  bending  of  the  recirculation  air  stream  and 
also  pressure  lo33es  in  the  ejector  when  the  active  3tream  merges  with 
the  recirculation  stream  render  the  nozzle  installation  shown  in  Fig.  7  h 
inefficient. 


Nozzle  installation:;  with  >mpi>'te  as  well  as  partial  recirculation 
re  <wnp!<  y  i n  design,  take  up  a  large  fraction  of  trie  area  of  the  craft 
i  use,  ana  reijuiin  expended  ‘all  v»>lury  to  nouru  the  reverse  ducting. 

These  ins  t.  1 1  laf.  ions  hav  thus  far  •<<  i  -ained  practical  acceptance,  N  ozzle 
installation!)  employing  air  r  ir  ulatjon  that  ire  idvant'Jjv'OUS  from  the 
aerodynamic  point  of  view  and  that  are  feasible  as  to  design  have  thus 
far  no1  hern  foun  t.  Nozzle  in  lal  lotions  with  a  recirculation  system  are 
ivnerully  unsuitable  for  appl  i<  at i on  on  transport  craft,  since  they  suck 
in  dust,  snow,  m;d  splashing  wate:  through  tie-  -hamel  flow  of  the  craft, 
whi"h  rapidly  renders  them  inoperative. 

Experience  shows  that  craft  with  singlo-fiaas  nozzles  exhibit 
very  low  stability.  liaising  this,  hind  of  -  raft  by  a  height  of  1.5-2  per¬ 
cent  of  tho  nozzle  width  already  causes  heeling,  increasing  hovering 
height  leads  to  totai  loss  of  stability  and  the  craft  rests  on  the  lower 
edge  of  one  side  against  the  ground.  This  is  caused  by  the  fact  that  the 
nozzles  or.  the  depressed  and  elevate  i  sides,  during  heeling,  are  at 
different  heights  a'oov#  the  support  surface  and  the  jets  exiting  from 
the  sides  produce  reactin'  forcer  directed  toward  the  air  cushion  differ¬ 
ing  in  magnitude,  and  thus  dissimilar  excess  pressures. 

all  this  results  in  the  iir  ,'ot  on  the  depressed  side  close  to  the 
urface  splitting  into  two  and  .a  >me  of  it  moving  toward  the  elevated 
side.  As  thin  takes  place,  at  the  depressed  side  the  reaction  force  of 
the  je lirected  tovari  the  aj;  cushion  weaken.';  and  tie  ejecting  action 
caused  by  recirculation  of  air  in  the  cushion  rises,  as  the  result, 
the  pressure  in  this  cushion  -/on"  fa1  Is  off,  am:  thus  the  pressure  over 
the  section  of  the  bottom  ne.ir  the  elevated  side  is  also  somewhat  reduced. 

>  tipping  moment  acting  or:  tne  craft  is  thus  induced. 
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I’d  uijTiiMt  stability,  th«-  :jjngJ«—puss  nozzjo  installation  is 
■.•  ■ct  jonal  i  zed  into  individual  /•«•  lions  with  additional  nozzles.  —  stabi¬ 
lity  no/.,  Ids.  Fir.  7  i  allows  .  two-pass  nozzle  arran/tcwm'  il  an  air 
eushion  vehicle.  Alton  thin  kind  "f  craft  yields  under  the  effect  of 
the  external  moment,  th<  pressure  rises  over  the  section  of  the  bottom 
between  the  outer  and  the  inner  no/.,  lee.  near  the  depressed  aide,  while 
the  pressure  is  reduced  over  the  symmetrical  section  of  the  bottom  at 
U.t  elevated  side.  As  u  result,  a  righting  moment  is  induced  in  the  uir 
-'ll  //ion,  restoring  the  craft  to  the  horizontal  position  after  elimination 
(f  the  external  moment  appliei  on  the  craft..  Air  in  usually  fed  from  the 
fan  to  this  kind  of  nozzle  installation  by  means  of  a  receiver. 

In  several  eases,  when  for  /one  reason  it  is  desired  to  appreciably 
redact  the  rapacity  of  the  fan  installed  on  a  craft,  nozzle  installations 
with  built-in  ejector  are  used  (/it;,  f  j).  Ajectior  air  is  supplied  in 
nozzle  or  run,  foments  of  this  cor.fi/Tiration  at  high  pressure  via  3litlik.c 
nozzles  mounted  directly  in  the  re  /.  1<  installation.  The  externally 

>sir  arrivt  c  vi;  a  :;litlik<  header  located  between  the  ejecting: 
o/.zler. .  Uischar.-f  of  .ir  in  tie  f  it:,  of  jets  takes  place  through 
K'/.z ltu;  i»  -a ted  in  tl  * *••  eraft  hot! 

oxot  s;.  pressure  ir  the  air  fusion  in  produced  by  tne  reaction  of  the 
<,ec*inr  ’»*  d  ejected  air  escaping  <  :• t<  rnally  .  This  factor  appreciably 
raise/  the  e. ficiency  of  the  ejector,  however  the  efficiency  of  the  craft's 
power  plant  whet!  this  device  is  used  drops  off,  overall.  The  nozzle 
installs  ion  employing  ar.  ojectcr  requires  tne  u  e  of  a  high-head  fan  or 

.onipi'i  I  i» 

Them  arx  Severn’  variants  of  stability  nozzle  placement  in  the  craft 
hot  tern.  They  urn  be  'fated  ir.  the  longitudinal  and  transverse  directions, 
ir’  the  diamctrtl  plar.c  of  the  craft,  near  the  sides,  and  in  crosswise 
fashion.  The  e .  termini  nr  conditions  include  achieving  the  desired  craft 
stability  and  satisfying  coni' igu-vM/.r.  requi  murentn  —  the  possibility  of 
.  <•0/. tir. t  arrangement  of  ducting  iir.g  air  f c*cr  the  far.  to  the 
tability  nozzles,  for  small  -ydr  i  cistancc  values  of  the  stability 

.  lizzies . 


ir:  '''-signing  air  cushi  .r  v 
single- j  .»ss  nozzle  inntullatie • 
Any  se  •  tioralizing  of  tie  roz  1 
of  the  passage  openings  of  .  v 
meterr  of  the  uir  stream  r<d  t 
words,  introducing  auxiliary  r.c 
augment  stability  somewhat  degr 
In  spite  of  this  drawback,  two- 
nsz/.ler  have  gained  the  greater 
the  most  dissimilar  function. 


•  hi  ,  ('.no  ~ust  sear  in  mind  that  the 
uas  th-  greatest  load-bearing  capacity. 

*•  inctulluti  >n,  with  the  same  total  area 
1“  maintained  and  with  ur.chunged  para- 
tr*  nozzle,  reduces  4h'  lift.  In  oth.  r 
zzli  ~  into  the  nozzle  installation  to 
ados  its  load-bearing  properties, 
pas..  -tr.d  other  methods  of  s^c tionalizing 
t  acceptance  and  are  used  for  craft  of 


Vi.«  nozzle  in:  tul In t ion  ir  n'H';  with  the  nozzle  scr.<"*:r  of  air 
•|iio:i  formation  and  ride  will:.  :  <  ■  rtf  t  with  th<  plenum  it  amber  and 
I  i  r .  1 1  I  — !  I  w  -or  f  i/^ira  t.  i  nrin  ,  tmi!‘  p  fh*  form  of  if, id  metal  ntm*  turxn, 
no-  i  . :  i  •  *  tan  1 1;:  1  d  i :  :n  !  v  m  1. 1,  *  —  t.i  >  j  In  ant  jM*rnii  t.  •  on  '  uo  t  with  a 
>  I  id  :  1 1 1 1 > * i r t.  our  i  a  '»•  d  ir  i  n, ;  pr  ;  1 1 . .  i ■  >  s .  in  1  hair  < •  i ii'  ur:: : onn  on  uurl  •»  1 
t r it/1:  I  i  i  *  i*':;  mil  t i*  nr  .in*  .  i  •  n  * uv<  •;  ..triio  during  propulsion 

vo  :•  w'i  fi  the:  r  dovi'«  :■  \  h  f'  rn*  d  and  rapidly  malfunction* 

m  important  step  in  improving  transport  air  ashion  vehicles  waa 
the  use  .it'  elastic  air  'uuhion  me louurea.  hy  making*  nozzles  and  side 
wall.  ir.  ttic  form  of  flexible  skirts  of  thir  elastic  material  (vulcanized 
rubber,  rubberized  fabric,  nylon,  arc  other  synthetic  materials),  the 

important  ability  of  air  cushion  vehicles  --  their  traversability  — 
■an  be  markedly  enhanced.  Flexible  enclosures  become  kneaded  upon 
•ri/.inr  obstacles  and  toon  again  acquire  their  initial  shupe.  dhort- 
ten:,  mu r.f'O  in  the  almpe  of  tin  elasti-  enclosure  has  a  ncgliblc  effect 
on  the  aerodynamic  qualities  of  the  -raft. 

iilautie  enclocures  r<  cu.e  toe  requirements  imposed  on  air  cushion 
:<  ;  id"::  with  respect  to  flight  heigi  t.  The  possibility  if  reducing  the 
l"U:*’in<-'  between  tht  raft  and  th<  support  r.u"!‘a<  e  without  detracting 
from  it:  traversatil ity  improves  the  power  capabilities  of  the  craft  and 
pe Tiitr.  ei  ploying  far.:  of  smaller  r: i  *o  and  power  to  achieve  the  same  lift. 

Aerr dynamic:  requirements  imposed  on  ie> /.zi«  s  and  side  walls  nude  of 
elastic  material  remain  i,'...  .met  a;  for  their  rigid  design.  L'y  imparting 
the  sliape  of  nozzles  to  tn<  exiting  areas  of  clastic  enclosures,  aero- 
dynamically  advantageous  ai”  :unni'r.  '’crmaiior.  cor.f igura tions  are  achieved 
Tie  main  -e,'tulari ties  of  air  e  cape  from  those  devices  achieved  with  reepc 
to  rigid  structures  can  bo  ■  nnsid.  surly  extended  il:.o  to  flexible  enclo¬ 
sure.  .c-rving  the  jam*-  purpose  aid  of  sinilar  contours. 

f. .  /aeuun  Chamber  Jch**ne 

it  method  of  nrodui  in,  lift  rases  -in  indue i;  ,  rarefaction  between  the 
load-bearing  system  cf  the  ;raf t  ur.c  t.r.e  support  surface  is  possible, 
iicro,  to  produce  the  lift  sustaining  >  craft  of  riven  wei#it  in  the 
regime  of  r^'ering  and  pr  pulsion,  the  load -be a. "in/;  systen  of  the  craft 
is  located  beneath  the  support  surface.  This  methoJ  has  substantial 
advantages  over  methods  bases  >r,  su:  taining  exceso  pressure  under  the 
craft  bottooi  and  can  be  us*  d  in  •.akin,;  transport  conveyances  travelling 
■  ver  specially  prepared  roads,  fi  r  example,  vehicles  intended  for  monorail 
travel  [(.S-dfij. 

A  schematic  of  air  cushion  formation  using  a  vacuum  chamber  is  shown 
in  Fig.  d  a.  The  chamber  of  t^is  scheme  is  formed  by  un  upper  load- 
bearing  plate,  vertical  cid'  walls,  and  (beneath)  outward  projecting, 
horizontally  arranged  strips  rigidly  connected  to  the  walls.  The  opening 
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Kig.  0.  3cheir.es  of  air  cushion  formation  employing 

vacuum  chambers: 


a  —  with  far.  built-in  to 
suppor  t 


d  —  with  fan  and  linear 
electric  motor 


b  —  with  internal  support  c  —  with  labyrinth  seal, 


strips 

with  external  support 
strips 


fans,  and  linear 
electric  motor: 

1  —  3tutor 
?  —  rotor 
j  —  roof  of  car 


between  the  support  strips  is  covered  with  a  plate  to  which  freight  can 
be  suspended.  The  chamber  is  equipped  with  a  fan. 

The  working  fan  produces  witnin  too  chamber  .  rarefaction,  xtending 
to  its  entire  internal  suriace,  includinr  ti:i  upper  surface  of  tne  plate. 
The  drop  between  the  atmospheric  (external)  pressure  pM  [m  =  external] 

and  rarefaction  within  the  chamber  [  ft  <=  inter  . al]  produces  a  force 

tending  to  lift  the  plate,  when  there  are-  weak  rarefactions  within  the 
chamber,  the  plate  ro3ts  on  the  support  strips.  An  the  rarefaction  is 
intensified,  this  force  increases  and  the  moment  arrives  when  it  becomes 
equal  to  the  weight  of  the  plate  and  the  freight  attached  to  it.  Ir  this 
case  the  plate  in  supported  by  ur.  air  cushion  and  ceases  to  exert  pressure 
on  the  support  strips,  a  further  rise  in  rarefaction  brings  about  the 
liftoff  of  the  plate  from  the  support  strips  and  it  rises.  £ixt«mal  air 
rushes  into  the  gaps  formed  by  the  plate  e^d  strips.  In  this  l  - „  flow, 
two  positions  of  the  pi  to  in  the  chamber  are  possible: 


when  with  rising  of  the  pinto  and  the  corresponding  increase  of  the 
jot  between  j.t3  edges  and  the  support  strips  the  rarefaction  drops  off, 

but  still  rerains  high  enough  so  that  the  forces  produced  by  the  rare¬ 

faction  exceeds  the  weight  of  the  plate,  the  plate  tends  to  move  upward 
and  then  is  sucked  against  the  upper  wall  of  the  chamber  --  the  load- 
bearing  nlnte;  and 

when  with  increase  in  the  gap  Uh  rarefaction  in  the  chamber  drops 
off  and  the  moment  of  equilibrium  arises  between  the  forces  of  rarefaction 

and  the  plate  wei^it,  the  pluto  riseu  within  the  chamber  only  to  a  specific 

>f  hei/d't-  about  the  suoport  strips  and  remains  in  the  state  of  free  hover- 
in*;,  without  mechanical  contact  with  its  walls. 

The  second  position  is  of  practical  interest  in  designing  transport 
vehicle:;.  The  vacuum  air  cushion  arrangement  is  built  in  the  form  of 
box-section  bee.ms  secured  to  support  masts,  constituting  a  distinctive 
rail  spur,  and  the  load-bearing  system  is  in  the  form  of  a  carriage 
travelling  along  this  spur  bearing  a  suspended  rail  car. 

The  load-bearing  system  built  in  tnc  scheme  shown  in  Fig.  8a  has 
a  key  disadvantage:  the  fan  is  connected  directly  with  the  housing.  To 
maintain  the  required  rarefaction  as  the  carriage  is  in  translational 
motion,  the  housing  must  have  fans  arranged  in  series  of  its  entire  extent, 
switched  on  and  off  depending  on  the  position  of  the  carriage  in  the 
housing.  The  lond-bearing  system  built  according  to  the  scheme  in 
Fie.  0  b  i3  free  of  this  drawback.  The  fpn  is  located  directly  on  the 
travelling  plate,  and  to  reduce  the  air  volume  flow  and  to  maintain  the 
required  vacuum  vortical  walls  arc  formed  along  the  plate  periphery, 
forming  a  clearance  with  the  rousing  supported  by  the  plate. 

Th«*  system  built  uncording  to  the  scheme  shown  in  Fig.  0  c  differs 
in  that  the  support  strips  are  extended  outward,  while  the  3ide  walls 
of  the  vacuum  chamber  in  the  upper  section  are  equipped  with  inward- 
projecting  horizontal  flanges,  which  restrain  the  chamber  on  the  support 
strips.  The  ducts  for  passage  of  atmospheric  air  within  the  chamber  have 
a  large  number  of  turns  and,  therefore,  produce  great  resistance  to  air 
passage.  This  permits  producirv  in  the  chamber  a  rarefaction  of  the  same 
value,  but  with  smaller  air  flow  and  correspondingly  lower  power  outlay 
in  order  to  maintain  the  load-bearing  system  in  the  suspended  state. 

The  air  volume  flow  for  a  given  clearance  height  of  the  load-bearing 
system  over  the  support  strips  can  be  achieved  by  using  a  system  with  a 
labyrintli  seal  between  the  walls  of  the  vacuum  chamber  and  the  support. 

By  extending  the  ducts  and  introducing  additional  turns  into  them 
(Fig.  8  d),  one  can  increase  the  resistance  of  the  flow-through  section 
to  passage  of  external  air*  within  the  chamber  and  make  the  load-bearing 
systt"  more  economical. 


A  linear  electric  motor  (Fig.  8  d  and  e)  can  be  used  as  a  power 
plant  imparting  trannlational  motion  to  the  load-bearing  system.  The 
principle  of  its  operation  is  based  on  the  use  of  the  effect  of  a  running 
elec tromagi  etie  field.  Thin  motor  consists  of  stator  1,  which  is  a  system 
of  windings  located  on  a  magnetic  conductor,  and  rotor  ?  made  of  steel  or 
aluminum  bar  arran/?ed  along  the  spur  in  the  interval  between  the  working 
surface  of  the  stator,  with  small  air  gaps.  The  stator  is  mechanically 
connected  to  the  load-bearing  system  of  the  rail  car,  and  the  rotor  is 
rigidly  connected  to  the  structural  elements  of  the  3pur  —  the  support 
housing.  Power  in  supplied  to  the  motor  from  ground-based  electric 
traction  substations  via  a  contact  network  using  current  receivers. 

The  load-bearing  system  employing  a  vacuum  chamber  must  not  only 
produce  the  requisite  lift,  but  also  exhibit  adequate  stability  with 
respect  to  angular  displacements  and  side  slip.  An  advantage  of  the 
method  of  producing  an  air  cushion  with  a  vacuum  chamber  is  the  fact  that 
the  center  of  gravity  of  the  entire  system  (carriage  and  rail  car)  is 
appreciably  below  the  point  at  which  the  lift  is  applied.  In  the  event 
of  external  moments  causing  heeling,  this  system,  on  the  effect  of  the 
moment  formed  by  the  force  of  gravity  tends  to  occupy  the  initial  vertical 
•osition. 

Load-bearing  systems  shown  in  Fig.  8  a,  b,  and  c  are  unstable  with 
respect  to  transve  se  shifts  caused  by  the  action  of  external  side  forces, 
for  example,  when  the  carriage  is  moving  along  rail  line  curves,  and  so 
on.  By  imparting  to  the  channels  formed  by  the  side  wall  ol  a  carriage 
and  the  support  wall  of  the  housing  the  shape  shown  in  Fig.  8  e,  a  side 
f orce  nan  be  produced  that  tends  to  restore  the  carriage  to  the  center 
of  the  support  housing. 

With  respect  to  aerodynamics  and  power  considerations ,  the  air 
cushion  produced  wit,,  a  vacuum  chamber  is  advantageous  in  that  it  permits 
introducing  substantial  hydraulic  resistances  along  the  route  of  external 
air  to  travel  toward  the  vacuum  chamber;  these  resistances  produce  the 
requisite  lift  for  relatively  small  air  volume  flows.  This  not  only 
reduces  power  outlays  in  sustaining  th*  equipment  in  the  air  above  the 
support  surface,  but  also  permits  using  small  fans. 
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b.  Nozzles 

Nozzles  arc  the  most  important  component  (the  principal  working  part) 
of  an  air  cushion  flirht  vehicle,  whose  lift  qualities  are  produced  by 
means  of  jets  of  air  discharged  mainly  beneath  the  craft.  The  nozzle 
instt llatior  forme  these  jets.  Ac  the  result  of  air  jets  interacting 
with  the  support  surface  beneath  the  craft,  a  pressure  is  produced  that 
is  in  excess  compared  to  the  atmospheric  pressure,  and  this  excess  pres¬ 
sure  by  acting  on  tin  craft  bottom  produces  the  required  lift  suatainii.g 
the  craft  over  the  support  surface  by  some  height  both  in  the  hovering 
regime  as  well  as  in  flight. 

By  giving  the  nozz.Je  installation  different  planform  contours, 
arranging  the  nozzle  slits  ir.  it  i"  a  definite  fashion,  and  giving  these 
nozzle  slits  different  3izec  and  profiles,  one  can  substantially  affect 
thr  aerodynamic  characteristics  of  the  nozzle  installation  and  thus,  the 
characteristics  of  the  craft  with  respect  to  its  lift  properties  as  well 
as  its  stability.  By  varying  the  geometrical  parameters  of  nozzle  slits 
during  hovering  and  flight,  to  some  extent  one  can  assign  the  functions 
of  craft  control  de/ices  tn  the  nozzle  installation. 

The  necessity  of  a  cc  tinuous  supply  of  air  beneath  the  craft  through 
the  nozzles  to  produce  the  air  cushion  involves  a  constant  power  outlay. 
This  power  is  expended  directly  in  producing  the  air  jets  as  well  as  in 
overcoming  detrimental  resistances  ir.  the  nozzles  and  the  ducts  supplying 
air  to  them.  These  power  outlays  often  exce°d  the  power  outlays  in 
overcoming  oraft  drag  and  are  the  principal  factors  determining  the  energy 
characteristics  of  an  air  cushion  vehicle.  Therefore  setting  up  a  rela¬ 
tionship  between  geometrical  parameters  of  nozzles  and  the  aerodynamic 
parameters  of  the  air  cushion,  as  well  as  selecting  rational  nozzle 
configurations  exhibiting  high  lift  qualities  while  satisfying  the 
requirements  of  craft  stability  is  of  paramount  importance. 


6.  .iingio-Pans  Annular  Nozzles  With  Profiled  Generatrices 

A  :i  ingle- pan.’i  /Similar  nozzle  in  the  imp  lout  nozzle  arrangement  arid 
at  tho  name  time  the  moot  advantag#  oir  an  to  power,  since  it  exhibitn 
the  /'roat**n t  lift  capacity  for  assigned  parameters  of  tho  air  stream  fed 
to  it. 

By  imparting’  advantageous  dimension::  and  profile  to  the  entrance  of 
a  no'/.'/.lo  (rounded  entrance  edges )  and  to  the  guide  section  (usually 
straight  walls),  the  total  pressure  of  the  3trv«m  of  air  fed  to  the  nozzle 
can  be  transformed  into  dynamic  pressure  for  extremely  small  total  pres¬ 
sure  Iocs.  In  a  properly  profiled  nozzle  installation,  these  losses 
amount  to  1.5“2  percent  of  the  available  total  pressure  and  they  are 
expended  mainly  in  the  friction  of  the  stream  ugainst  the  nozzle  walls. 
Owing  to  the  profiled  nozzle,  it  is  possible  to  produce  a  stream  of  air 
of  required  width  with  stable  flow  direction. 

A  3ingle-pass  nozzle  installation  can  serve  as  a  kind  of  reference 
standard  in  evaluating  the  lift  capabilities  of  nozzle  arrangements  of 
other  systems. 

Annular  nozzles.  In  an  experimental  determination  of  the  aerodynamic 
characteristics  of  the  air  cushion  produced  with  annular  jets,  three 
series  of  single-pass  annular  nozzles  were  built,  differing  in  the  width 
of  the  passage  opening  (b  •  8 ,  20,  and  40  mm)  and  in  the  angle  of  inclina¬ 
tion  of  the  nozzle  ge^ratrix  to  its  axis  ( <P -  0,  30°,  and  45°) »  with  an 
identical  inside  bottom  diameter  [fr  *  inside]  »  400  mm  (Pig.  9)»  for 

nil  nine  nozzles  ttsted.  One  of  these  nozzles  had  a  passage  opening  with 
width  b  •  29  mm  and  the  generatrix  angle  of  inclination  ■»  30°.  Each 
nozzle  arrangement  (Pig.  10)  consisted  of  an  internal  section  —  bottom  2, 
and  external  —  tapered  rim  3  encompassing  this  bottom.  The  bottom  and 
the  tapered  rim  were  connected  with  adjustable  rods  2  in  such  a  way  that 
an  annular  slit  was  formed  —  a  nozzle  with  constant  width  b.  The  exit 
edges  of  this  nozzle  lay  in  the  same  plane. 

The  bottom  of  each  of  tho  tested  nozzles,  in  turn,  consisted  of  two 
sections:  ad  upper  section  4  profiling  the  annular  nozzle,  and  a  lower 
sectionv  vnich  consisted  of  a  circular  disk  5  with  drainage  openings  to 
measure  pressure  distribution.  Twenty  five  drainage  openings  1  mm  in 
diameter  and  spaced  at  15  ran  intervals  were  made  in  this  disk  along  its 
diameter.  Three  more  additional  opening  of  the  same  form  were  drilled 
near  the  edges  of  the  disk  at  a  distance  of  15  an  from  the  principal 
series.  The  pressure  from  each  orifice  was  transmitted  via  a  connecting 
piece  secured  to  the  inner  3ide  of  the  disk.  The  came  disk  5  secured 
to  the  upper  part  of  the  craft  bottom  was  used  for  all  the  nozzle 
arrangements  tested.  The  edges  of  the  entry  openings  of  the  annular 
nozzles  with  width  b  -  8  mm  were  rounded  to  a  radius  of  5  the  edges 
of  the  entry  openings  for  annular  nozzles  having  width  b  ■*  20  mm  and 
25  mm  were  rounded  to  a  radius  of  12.5  nm;  and  to  a  radius  of  25  nm  — 
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Fi/r.  9.  Configuration  o f  annular  nozzles  tea  ted 
a ,  b,  c  —  for  <£«=  0 

d,  e,  f  —  for  <r  =  30° 

g,  h,  i  —  fcr  **  4,9° 

for  an  »r  nozzles  bavin/'  width  b  =  <‘.0  mm.  The  nozzles  were  made  of 
duralumin.  Cast  nozzle  blanks  were  machined,  and  the  surfaces  of  the 
nozzle  walls  facing  the  air  stream  w're  ou nd . 

The  shield  over  which  the  annular  air  jet  streamed  was  a  flat  990  mm 

diameter  circular  diok  ( Fi/’.  11).  The  side  of  the  disk  facing  the  stream 

was  made  smooth,  and  the  other  side  was  made  with  stiffness  ribB.  liie 
shield  hnd  a  hinged  suspension.  By  using  a  set  cf  rigid  push  rodB  and 
adjustable  bolts,  the  shield  could  bo  given  the  required  position  with 
respect  to  the  nozzle  installation.  I'n  the  flat  side  of  the  shield  129 
drainage  openings  1  nr.  in  diameter  were  made  along  two  nutually  perpen¬ 
dicular  diameters,  with  a  spacing  of  19  mm.  On  other  side  of  the  shield, 
the  drainage  openings  terminated  in  connecting  pipes. 

nxporinental  stand,  b’ron  ir.,  <  f  tie  annular  jet  on  the  shield  was 
investigated  on  a  stan<-  (Fi  '.  ‘  )  -or.:;  is  ting  of  a  stabilizing  chamber  2, 
replaceable  measuring  header  ,  convrr^nt  duct  6,  test  nozzle  arrangement 
1 0 ,  and  sliding  flat  shield  1 '  at  wni  h  the  »nnular  jet  of  air  escaping 

fro;  th<  nozzle  collided.  Thr  flow  r~  air  in  the  stand  was  produced  with 

a  special  duct  connected  to  entrance  opening  of  the  stabilizing 
chamber.  In  this  chamber  tlw  air  uniformly  distributed  over  the 
cross-section  by  moans  of  metal  screens  1.  barrens  7  were  installed  in 
the  outlet  section  of  the  :m;vr  t"  t  <  i  t  for  this  same  purpo°e. 

The  nozzle  arrangement  10  was  secured  to  the  flange  ol  the  convergent 
•duct  6  with  bolts.  The  pressure  at  the  bottom  of  the  nozzle  arrangement , 
taken  up  by  the  drainage  openings,  was  diverted  by  means  of  rubber  hoses 
through  a  common  header  to  th«  outride,  to  alcohol  micromanometer  0. 
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Fig.  12.  hxperim**ntal  stand  for  tenting  streaming  of 
annular  .jot  on  shield  : 

1  tod  7  —  metal  screens 

2  —  stabilizing  chamber 

3 ,  4,  0,  9*  and  12  —  oirronunou.eters 

9  —  measuring  header 
(  —  convergent  duet 

10  —  test  nozr.U  arrangement 
1  1  —  shield 


The  shield  11  was  secures  an  a  special  travelling;  device  in  ouch  a 
way  that  the  centers  of  ‘he  hot  ton  of  the  annular  „et  and  of  the  shield 
lay  along  the  longitudinal  axis  of  the  experimental  3tmd,  and  their 
drainage  openings  (one  of  two  shield  series)  were  arranged  in  the  same 
plane.  Tiie  travelling  shield  of  the  device  consisted  of  a  base  12 
(Fig.  it)  with  two  cylindrical  j^uides  7  00  nr.  ir.  diameter,  at  a  distance 
of  1000  wi  from  each  other,  and  a  carriage  11  travelling  along  these 
(guides  by  means  of  won;  mecnar. ism  12  driven  by  steering  wheel  10.  The 
terminal  section  of  the  convergent  duct  containing  the  test  nozzle  and 
the  bare  of  the  travelling  devi  <  were  rigidly  secured  to  each  other  by 
means  of  a  common  frame  16. 

During  the  exper Icier. ts ,  the  si.ioi.;  was  positioned  at  several  distances 
h  from  the  cut-off  of  tne  nozzle  bj  means  of  the  travelling-  device.  The 
distance  h  va3  measured  on  the  scale  of  a  coord inate  spacer,  whose  push 
rod  14  war.  connected  to  the  sliding  sr.ield,  and  scalel3  was  connected  to 
the  fixed  base  of  the  travelling  device.  The  pzessure  distribution  at 
the  shield  was  determined  with  an  alcohol  micromanonetf r  9* 

The  volume  for  air  fed  to  th*-  nozzle  was  measured  by  a  replaceable 
measuring  header  profiled.  alcn<  tr.e  arc  of  a  lemniscate,  installed  in  the 
stabilizing  chamber.  A  header  provided  with  a  connecting  pipe  139  n®  In 
diameter  was  used  for  nozzles  with  flow-through  opening  b  -  8  mm;  and 
a  header  with  a  connecting  pipe  of  178  and  26 1  mm  in  diameter,  respectively, 
was  used  for  nozzles  in  which  the  flow-through  opening  b  was  20  and  40  mo. 
Kicromanometer  4  (cf.  Fig.  1?)  was  used  tc  determine  the  pressure  differ¬ 
ence  between  the  stabilizing  chamber  and  the  header  connecting  pipe,  from 
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Fig.  13.  Ilxperirental  stand  for  testing 
streaming  of  annular  jet  on  3hield 


1  —  test  nozzle 

10 

—  steering  wheel 

arrangement 

1 1 

—  carriuge 

2  —  convergent  du  t 

1  ? 

—  base 

3  —  rubber  hoses 

13 

—  scale 

4  —  common  header  of 

14 

—  push  -od 

rubber  hoses 

1c; 

—  worm  mechanism 

5,  f>,  and  9  —  micro- 

1b 

—  frame 

manometers 

7  —  cylindrical  guide 
0  —  shield 


which  the  volume  of  air  flow  war.  calculated.  The  readings  of  micromano- 
netcr  3  were  used  to  enter  corrections  in  calculating  the  volume  of  air 
flow. 


The  excess  pressure  in  fr  nt  cf  the  nozzle  causing  the  escape  of 
the  air  jet  from  the  nozzle  was  measured  with  micromanometer  9  using  a 
connecting  pipe  installed  at  the  ter"inal  section  of  the  convergent  duct. 

Tests  of  nozzle  arrangements  were  conducted  by  varying  the  mean 
escape  velocity  of  air  from  nozzles  in  the  range  3”55  m/aec,  which  corres¬ 
ponded  to  a  change  in  Reynolds  number,  given  in  terms  of  the  doubled 
width  of  the  flow-through  opening  cf  t:.c  nozzle,  in  the  range 
10,000-280,000. 

A  general  view  of  the  experimental  stand  for  nozzle  testing  is  shown 
in  Fig.  1/,. 
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Fig.  M  •  General  view  of  experiments]  stuna  for  testing 
annular  nozzles 

1  —  movable  shield 
2.  —  nozzle  arrangement 

}  —  coordinate  s^cer  witn  pn'-umometric  tube 
4  —  stabilizing  chamber 


Interpretation  of  te.it  results.  Trie  results  of  measuring  the  pressure 
distribution  along  the  bottom  of  the  nozzle  arrarwement  and  the  shield 
over  which  the  annular  air  jet  streamed  were  represented  us  the  dimension*' 
less  coefficient  of  the  air  cushion  pressure: 


p  = 


where  n  is  the  nressure  at  the  ten*.  point  on  the  bottom  of  the  nozzle  or 
*  1 

the  shield;  is  the  pressure  in  th<  receiver  [header]  (terminal  section 
of  the  convergent  duct)  ahead  of  the  nozzle;  [h  -  external]  is  the 

atmospheric  pressure  (in  the  external  space  surrounding  the  annular  jet). 

The  discharge  coefficient  of  the  annular  jet  is 


where  is  the  volume  flow  of  air  r.e  isured  with  the  header  of  the  experi¬ 
mental  stand;  F  is  the  area  of  the  f lew-through  opening  of  the  annular 
nozzle;  and  ^  is  the  air  density. 

Note  some  arbitrariness  in  the  determination  of  the?  area  F  of  the 
flow-through  opening  of  the  annular  nozzle  for  angles  of  inclination  of 
the  generatrix  ^  >■  0.  This  arbitrariness  lies  in  the  fact  that  the 
product  of  the  area  of  the  exit  opening  (cut-off)  of  the  nozzle  by  the 
cosine  of  the  angle  of  inclination  of  a  generatrix  was  adopted  as  the 
area  of  the  flow-through  opening,  that  is, 


F  =  JL(Dl~D])*  os«f  =  +5^) 


(3) 


where  Li*,  is  the  diameter  of  the  angular  nozzle  measured  at  the  external 
exit  edge;  and  Dg  is  the  diameter  of  the  annular  nozzle  measured  at  the 
in*ernal  exit  edge  (diameter  of  the  bottom).  The  geometric  characteristics 
of  the  nozzle  arrangements  tested  are  as  follows: 
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where  \ti>  in  the  ie-ir  (wi‘!  ■.  •. 

the  uir  frnrn  the  annular  i:c  •.  ].  ;  •  ^ 
annular  nr./.lr;  and  is  th<  i.irr-nn 


vnlu::..  flow)  or  rape  velocity  of 
is  tlie  oquivalor. t  diameter  of  the 
i  "'oef f icje»it  of  air  viscosity. 


The  equivalent  diameter,  vM 
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four  hydraulic  radii  of 
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where  D  is  ,h 


e  wette  i  nerime t<  exi'  ape r hire  j 


n  =  2a D,  (  I  a  -  ~£—  )  2nD„  (  i  —  — )  .  (6) 
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3y  inserting  Eqs .  (3)  and  (6)  in  Kq .  (5),  we  got  d^ 


2  b,  and  there¬ 


fore 
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The  Reynolds  nuobe:-s  used  in  plotting  the  aerodynamic  characteristics 
of  annular  nozzles  were  determined  by  this  formula. 

Effect  of  Reynolds  number  cr  pressure  and  discharge  coefficients, 
experiments  conducted  with  annul  ir  nozzles  3how  that  the  nature  of  pressure 
distribution  along  the  nozzle  bcttoin  a^d  along  the  shield,  as  well  *s  th’ 
value  of  the  coefficients  cf  pressure  p  and  discharge  O',  for  a  specified 
arranged* nt  of  the  nozzle  installation  with  respect  to  the  shield,  have 
practically  no  dependence  on  the  escape  velocity  of  air  from  the  nozzle  in 
the  testea  velocity  range.  In  Figs.  15  and  16,  by  way  of  example  results 
are  presented  from  a  determination  of  tne  effect,  that  the  Re  number  has 
on  the  coefficients  of  pressure  p  ana  discharge  (X  for  one  of  the  nozzle 
arrangements  tested,  namely  for  a  nozzle  with  an  angle  of  inclination  of 
the  generatrix  (p  ■  45°,  relative  width  of  f lew-through  aperture  b/D  -  0.05, 
for  an  angie  of  shield  inclination  to  the  nozzle  y  -  0,  and  for  various 
values  of  the  parameter  b/h.  In  these  tfsts  the  variation  in  the  Re  number 
was  attained  by  varying  the  escape  velocity  of  air  from  the  nozzle,  and 
tne  variation  in  the  parameter  b/h  was  achieved  by  placement  of  a  shield 
at  several  distances  h  from  the  nozzle  cut-off.  The  pressure  coefficient 
p  wab  determined  for  the  central  point  of  the  nozzle  bottom. 

The  pressure  coefficient  p  and  the  discharge  coefficient  Of  remain 
constant  in  the  range  of  velocity  chenge  v  5*55  m/sec,  which  corresponds 
to  change  of  Re  numbers  15,000  to  90,000.  Th-se  and  similar  experiments 
afforded  grounds  for  assuming  th ■ t  the  flow  pattern  of  the  annular  jet  on 
the  flat  shield  over  a  wide  range  of  Re  numbers  remains  practically 
automodeling,  and  aerodynamic  characteristics  of  annular  nozzles  do  not 
depend,  within  wide  limits,  on  the  linear  dimension  of  the  nozzle. 

Pressure  distribution  along  the  not  tom  of  annular  nozzles.  Results  of 
measuring  pressure  distrioution  along  the  bottom  of  annular  nozzles  with  a 
relative  passage  opening  width  b /bp  =  0.02  for  angles  of  generatrix  -  0, 
50,  and  45°.  are  presented  in  Pigs.  "7  and  16,  19  and  20,  21  and  22, 
Respectively.  These  results  are  presented  in  the  form  of  the  function 
p  ■  f  (x/Dj  )  for  various  values  of  tne  parameter  b/h  and  angles  of 
nozzle  inclination  with  respect  to  the  shield  (  y  -  0  and  4°).  The  central 
point  of  the  nozzle  bottom  was  adopted  as  the  origin  of  coordinates.  li»e 
distance  from  the  center  of  the  bottom  to  the  drainage  point  at  which  the 
pressure  pg  was  measured  corresponded  to  the  x  values.  Similar  functions 
are  presented  in  Figs.  25~50  for  nozzle  arrangements  with  relative  width 
of  passage  aperture  b/l^  -  0.05  and  0.0625,  and  for  b/Dg  -  0.1  —  in 
Pigs.  51-34. 
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along  nozzle  bottom  (  y  -  4°» 
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Fig.  20,  Pressure  distribution 
along  nozzle  hot  tor.  (  (  -  4U, 

(T>  -  ^0°,  and  b/D„  -  0.0?) 
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Fig.  25.  Pressure  distribution  aloi.g  Fig.  ?4 
nozzle  bottom  (  i  -  0,  <7-0,  and  nozzle 

b/Og  -  0.05) 

KEY:  A  —  (without  shield) 


Pressure  distribution  along 


4'  4/  4J 


Fir.  53.  Pressure  distribution  ulong 
bottom  of  annular  jet  for  y  =  0,  <P  = 
50°,  and  b/ D3  =  0.1  for  various 
values  of  the  parameter  b/h 


Fig.  >4.  Pressure  distribution  al  .ig 
bottom  of  annular  nozzle  for/'®  4°» 

<p  =  ^0° ,  and  b/Dfl-  0.1  for  various 
values  of  the  parameter  b/h 


For  free  escape  into  a  still  medium  not  confined  by  a  shield  (b/h  »  0), 
or.  exiting  from  the  nozzle  the  annular  jet  gradually  becomes  constricted 
and  at  some  distances  from  the  nozzle  cut-off  merges  into  a  single  general 
jet  travelling  in  the  direction  of  the  nozzle  axis  (Figs.  35  and  36).  Due 
to  the  ejecting  action  of  the  jet  in  the  internal  space  bounded  on  the  side 
by  the  jet,  and  on  the  side  of  the  annular  nozzle  by  its  bottom,  circulation 
air  currents  are  induced  in  the  shape  of  an  annular  vortex.  The  central 
jetletB  of  this  vor>.ex  will  move  in  the  direction  of  the  nozzle  bottom.  As 
the  result  of  the  ejection  effect  in  thi3  internal  space,  in  the  shape  of 
a  cone,  rarefaction  is  induced.  The  presence  of  a  difference  between  the 
atmospheric  pressure  and  the  pressure  in  the  interior  space  encompassed  by 
the  annular  jet  also  leads  to  the  curved  trajectory  of  the  jetlets  at  the 
nozzle  exit. 

If  there  is  no  shield  along  trie  path  of  jet  travel  (b/h  ■  0),  then  both 
rarefaction  as  well  as  excess  pressure  compared  to  the  atmospheric  can  arise 
at  the  surface  of  the  nozzle  bottom.  This  depends  on  the  angle  of  jet  exit 
with  respect  to  the  angle  of  the  nozzle  determined  by  the  angle  of  inclina¬ 
tion  (f  of  the  nozzle  generatrix.  When  $  -  0,  rarefaction  (cf.  Figs.  17, 

23,  and  31 )  is  observed  over  the  entire  surface  of  the  bottom  of  the  nozzles 
tested.  Thus,  for  a  nozzle  with  a  relative  exit  width  b/Dg  ■  0.2,  the 
pressure  coefficient  p  -  -0.08,  and  for  a  nozzle  width  b/Dg  ■  0.05  and 
0.1,  these  values  are,  respectively,  p  -  -0.1  and  p  -  -0.17. 
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Fig.  55*  Pattern  of 
jet  flow  from  nozzle 


(f>-  o) 


Fig.  36.  Spectrum  of  jet  flow  from  nozzle  45°) 


Increasing  the  angle  of  inclination  of  the  nozzle  generatrix  reduces 
the  size  of  the  zone  exhibiting  circulation  currents  and  markedly  increases 
the  pressure  in  the  central  ares  of  the  bottom,  and  a  reduction  of  this 
pressure  —  at  its  periphery.  For  example,  for  a  nozzle  with  angle  of 
inclination^  -  45°  and  having  the  parameters  b/Dg  -  0.2,  0.05,  and  0.1, 
the  pressure  coefficients  for  the  central  point  of  the  bottom  are, 
respectively,  g  -  0.23,  0.25,  and  0.22,  and  over  the  peripheral  area, 
respectively,  p  -  -0.1,  -0.14,  ana  C.09  (cf.  Pigs.  21,  27,  and  32).  This 
regularity  of  pressure  distribution  at  the  nozzle  bottom  is  caused  hy  the 
circulation  flow  of  air  in  the  space  bounded  by  the  nozzle  bottom  and 
the  annular  jet.  Owing  to  retardation  of  the  air  jetlets  striking  the 
nozzle  bottom,  a  head  is  induced  and  some  excess  (compared  with  atmospheric) 
pressure  occurs  in  this  region. 
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The  presence  of  a  flat  shield  along  the  path  of  jet  travel  leads  to  a 
qualitative  change  in  the  pattern  of  annular  jet  flow.  Pig*.  37  and  38 
present  photographs  1  revealing  the  flow  over  a  cross-section  of  the  annular 
jet  for  this  instance.  The  jet  is  deflected  by  the  shield  toward  the  sides 
and  streams  over  it  in  radial  directions.  The  jet  remains  annular  over  the 
section  between  the  nozzle  and  the  shield,  but  streaming  over  the  shield  it 
becomes  radial.  In  the  interior  region  bounded  from  above  by  the  bottom  of 
the  annular  nozzle,  and  from  beneath  —  by  the  shield,  and  from  the  sides 
--  by  the  annular  jet,  a  pressure  Increase  compared  with  the  atmospheric  is 
induced.  This  rise  is  caused  by  the  reactive  effect  of  the  radial  jet. 

Circulation  flow  in  the  form  of  a  system  of  concentrically  arranged 
annular  vortices  determining  the  nature  of  pressure  distribution  along  the 
bottom  of  the  annular  nozzle  and  the  shield  is  induced  in  the  interior 
region. 

When  the  shield  is  placed  parallel  to  the  nozzle  bottom  (  -  0),  and 

for  extremely  small  distances  between  the  nozzle  and  the  shield,  the  pressure 
is  distributed  evenly  over  the  bottom  and  in  magnitude  is  close  to  the  total 
pressure  in  the  air  stream  ahead  of  the  nozzle.  As  h  0,  the  pressure 
coefficient  p  1 . 

As  the  distance  between  the  nozzle  and  the  shield  is  increased,  the 
excess  pressure  at  the  nozzle  bottom  rapidly  drops  off,  while  a  fairly 
high  degree  of  pressure  distribution  uniformity  along  the  bottom  radius  is 
retained.  At  relatively  large  distances  between  the  nozzle  and  the  shield, 
beginning  roughly  at  values  of  the  parameter  b/h  ^  0.2,  for  nozzles  with 
relative  jet  exit  width  b/D B  *  0.02,  and  beginning  with  values  of  b/h^O.^ 
for  nozzles  having  width  b/Dg  *  0.05  and  0.1,  the  uniformity  of  pressure 

distribution  rapidly  deteriorates. 

Experiments  show  that  even  a  Blight  inclination  of  the  nozzle  with 
respect  to  the  field  leads  to  an  abrupt  redistribution  of  pressure  over  the 
bottom  surface.  A  substantial  pressure  drop  is  induced  over  the  section 
of  the  bottom  on  the  depressed  nozzle  side,  while  in  the  opposite  section 
of  the  bottom  the  pressure  remains  relatively  weak.  As  the  angle  of  inclina¬ 
tion  .rises,  the  intensity  of  the  pressure  drop  build3.  Rarefaction  even 
occurs  in  some  areas  of  the  bottom.  We  note  that  as  the  angle  of  inclination 
of  the  nczzle  generatrix  <p  is  increased,  this  pressure  redistribution 
becomes  more  abrupt. 

These  properties  of  single-pass  annular  nozzles  are  responsible  for 
the  inadequate  static  stability  of  air  cushion  craft  designed  with  single¬ 
pass  nozzles.  Even  at  a  relatively  low  clearance  height  a  tipping  moment 
is  induced,  acting  on  the  craft  in  the  direction  of  the  depressed  side. 

As  the  results,  the  craft  touches  the  support  surface  with  its  side. 


The  photographs  were  obtained  in  experiments  with  a  flat  model  in  a 
flow  channel.  To  render  the  flow  visible,  the  surface  of  the  water  was 
sprinkled  with  aluminum  powder. 
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Pig.  37*  Spectrum  of  jet  streaming  on  shield  ((pm  0°) 


Pig.  38-  Spectrum  of  jet  streaming  on  shield 


Pressure  distribution  along  the  shield.  The  results  of  measuring 
pressure  distribution  along  the  shield  for  various  distances  between  nozzle 
and  shield  are  given  in  Pigs.  39  an  1  40  m  the  form  of  pressure  fields 
recorded  in  a  plane  passing  through  the  center  of  the  nozzle  bottom.  Ihese 
pressure  fields  were  obtained  for  the  outflow  of  jets  from  nozzles  with 
relative  exit  width  b/D^  -  0.02  and  angles  of  inclination  of  nozzle 
generatrix  (pm  0  and  43° •  The  nozzle  bottom  in  these  experiments  was 
positioned  parallel  to  the  shield  (  ^  *.0).  The  variation  in  the  parameter 
b/h  was  obtained  by  varying  the  distance  h  for  constant  b. 


Fig.  39-  Pressure  distribution  along  shield 
when  annular  jet  streams  over  it  (V  -  0 ,<£>-  0, 
b/Dg  -  0.02) 

Thus,  the  annular  jet  streaming  along  the  shield  produces  over  its 
surface  a  planform  circular  zone  of  increased  pressure.  At  small  distances 
h  and  correspondingly  large  values  of  the  parameter  b/h,  the  diameter  of 
this  zone  is  approximately  equal  to  the  diameter  of  the  nozzle  bottom,  while 
the  excess  pressure  in  it  is  evenly  distributed  and  is  equal  in  magnitude 
to  the  excess  pressure  at  the  nozzle  bottom  for  corresponding  values  of  the 
parameter  b/Dg  . 

With  increase  in  the  distance  h,  the  dimensions  of  the  planform  circular 
zone  of  increased  pressure  decrease  and,  beginning  with  the  value  b/h^  0.3, 
the  pressure  in  the  zone  is  unevenly  distributed.  For  large  distances  h, 
the  annular  jet,  without  even  reaching  the  shield,  can  merge  into  a  single 
common  jet,  causing  the  corresponding  pressure  distribution  over  the  shield 


43 


r  r : !  ]  i 

1 — i—  .  i  4- 


Tj 

u 

b/h  f,0[ 

0.9 

rm 

n 

t 

P.0 

0.5  j 

. ! 

1 — ■ 

{ 

0.7 

< 

. 

y.sjy 

Li-l 

l  : 

i 

li  4 

>  . 

|  j 

>  •  4-  H 

U 

i/f  n 

,  ; 

Lj 

1  ' 

M 

’  0.  i 

1 

0.70 

"S 

□ 

u,* 

j 

l 

i  • 

• 

iOJO 

>  ] 

1 — 
ft 

n 

L- 

X 

i 

-0,7 

- 

n 

P 

FH 

4  ■  -f  - 


■7,0  0,0  0.6  0,6  -0,2  0  0,2  0,6  0,6  0.3 

Fig.  40.  Pressure  distribution  along  shield 
when  annular  jet  streams  over  it  (  y  -  0,<^-  45°, 
b/D/j  -  0.0?) 


In  addition,  an  annular  .'.one  with  abruptly  higher  pressure  is  induced 
at  the  shield  surface,  located  over  the  section  of  the  shield  lying  opposite 
the  exit  of  the  annular  nozzle.  The  mean  radius  of  this  zone  is  approximately 
x/D$  -  0.4-0. 6.  With  increase  in  the  distunce  x/Dt j  beyond  the  value 
indicated  above,  the  pressure  in  the  direction  of  the  radius  falls  off 
rapidly  and  becomes  equal  to  atmospheric  pressure  for  x/Dg  -  0.0-1. 

A  splitting  of  the  flow  masses  streaming  over  the  shield  occurs  in 
the  annular  zone  of  increased  pressure.  The  volume  of  air  exiting  from 
the  annular  jet  departs  to  the  outside,  while  masses  of  air  ejected  from 
the  interior  volume  encompassed  by  the  annular  jet  are  directed  toward  the 
axis  of  the  annular  jet  (cf.  Fig.  $8).  A  critical  annular  line  corresponding 
to  the  streamline  dividing  the  main  mass  of  the  annular  jet  from  the  attached 
mass  is  induced  on  the  shield  .  Total  stagnation  of  the  splitting  elementary 
jetlet  occurs  along  this  line. 
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Kig.  41.  Pressure  distribution  along  Fig.  4 2.  Pressure  distribution  along 
shield  when  annular  jet  streams  ever  shield  when  annular  jet  streams  over 

it  (  v  -  0,  0-  }0°,  b/D^  -  O.i)  it  (  v  -  2°,  f  -  50°,  b/D^  -  0.1, 

1  b/h  -  1) 


The  effect  of  the  angle  of  inclination  gamma  of  the  nozzle  on  the 
pressure  distribution  is  shown  in  Figs.  4  -44.  where  the  curves  of  pressure 
distribution  along  two  mutually  perpendicular  axes  are  presented,  one  of 
which  —  lying  in  the  plane  of  nozzle  inclination  —  bears  the  drainage 
points  1-6:5,  and  the  other  —  the  drainage  points  64-125  (cf.  Fig.  11). 
Inclining  the  nozzle  results  in  the  annular  zone  of  increased  pr*"**»  res 
at  the  shield  breaking  up.  The  pressure  rises  in  the  area  of  the  critical 
annular  zone  lying  near  the  nozzle  cut-off,  while  it  drops  off  rapidly  over 
the  section  distant  from  the  nozzle.  The  symmetry  of  pressure  distribution 
is  retained  along  the  axis  of  the  shield  that  is  normal  to  the  plane  of 
nozzle  inclination.  This  pattern  of  pressure  distribution  at  the  shield 
is  caused  by  the  variation  in  the  direction  of  travel  of  the  circulation 
air  currents  within  the  volume  bounded  by  the  annular  jet. 

When  the  no?zle  is  inclined,  some  of  the  mass  of  the  annular  jet 
streams  into  the  interior  space  in  the  direction  from  the  narrow  clearance 
between  the  nozz  .>  arJ  the  shie  d  to  the  broad  clearance,  sweeps  off  the 
annular  vortices,  and  exit3  to  the  exterior  from  beneath  uhe  elevated  edge 
of  the  nozzle  (Fig.  45) •  A  circulation  flow  is  induced  in  the  interior 
space,  which  ia  characterized  y  ;  the  fact  that  -he  flow  separating  from 
the  annular  jet  oil 1  travel  al  ng  the  shield  surface,  while  the  attached 
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Pig.  45.  Pressure  distribution  along 
shield  when  annular  jet  streams  over 
it  (  v  .  2°,  <D  -  30°,  b/Dfl  -  0.1, 

1  r  b/h  «  0.3) 


Fig.  44.  Pressure  distribution  along 
shield  when  annular  jet  streams  over 

it  (  y  -  2°,  q  -  30°,  b/%  -  0.1, 

1  b/h  -  0.2) 


masses  caused  by  the  ejecting  action  of  the  active  jets  ere  directed  along 
the  nozzle  bottom  in  the  opposite  direction,  ftie  local  pressure  rise  at 
the  shield  side  close  to  the  nozzle  is  caused  by  the  fact  that  stagnation 
of  the  elementary  jetlet  of  the  active  flow  exhibiting  high  kinetic  energy 
occurs  in  this  area.  The  local  pressure  drop  at  the  shield  on  the  side  of 
the  elevated  nozzle  section  is  caused  by  the  fact  that  the  active  flow 
passing  over  the  shield  is  partially  deflected  upward  as  it  approaches  the 
jet  and  is  sucked  into  thv  jet,  tending  to  separate  from  the  shield. 

It  must  be  noted  thst  zones  of  increased  pressure  at  the  shield 
surface  lie  in  the  region  of  zones  of  abrupt  pressure  drop  at  the  bottom 
of  the  annular  jet. 

Pressure  coefficient  and  discharge  coefficient  of  annular  nozzles. 

The  pressure  coefficients  p  at  the  bottom  of  the  annular  nozzle  (the  pres¬ 
sure  coefficients  of  the  air  cushion)  ard  the  discharge  coefficients  G  , 
as  functions  of  the  parameter  b/h  for  nozzles  with  relative  exit  width 
b/D|  -  0.02,  are  presented  in  Pigs.  46-48,  in  Pigs.  49-51  —  for  nozzles 
with  b/Dfl  -  0.03  and  O.O625,  and  in  Pigs.  32-34  for  nozzles  with 
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Pig.  45-  Flow  pattern  of  inclined  annular  jet  along 
shield:  a  and  b  —  for  small  and  large  distances 
between  nozzle  and  shield,  respectively 


b /Dq  -  0.1.  Changes  in  the  parameter  b/h  in  the  experiments  were  achieved 
by  varying  the  distance  h  b'-tveen  the  no. .vie  and  the  shield.  For  the  case 
b/h  -  0,  the  points  of  the  curve  were  obtained  by  testing  nozzles  without 
using  a  shield.  The  pressure  coefficient  p  was  determined  from  measurements 
at  the  point  lying  in  the  center  of  the  bottom  of  the  annular  nozzle. 
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Fig.  4<>  •  Cot' I  f  i  i  lent  o(  ,ijr  niuhiori  prouourt  and 
flow  coefficient  of  annul. ir  no /:•.]«•  for  ^*-0  und 
*•  0.0?  an  thooroti  -al  and  experimental 
function.’  of  the  pan. motor  h/h 


Fig.  47 •  Coefficient  of  air  cushion  pressure  und 
flow  coefficient  of  annular  nozzle  for  -  JO0 
and  b/Dg  ■  0.02  as  theoretical  and  experimental 
functionn  of  the  parameter  b/h 
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Pig.  46.  Coefficient  of  air  cushion  pressure  and 
flow  coefficient  of  annular  nozzle  for  $  »  4i> 
and  b/Dg  -  0.02  as  theoretical  and  experimental 
functions  of  the  parameter  b/h 


Pig.  49-  Coefficient  of  air  cushion  pressure  and 
flow  coefficient  of  annular  nozzle  for  -  0 
and  b/Dg  -  O.O^j  as  theoretical  and  experimental 
functions  of  the  parameter  b/h 


Fig.  5>0.  Coefficient  of  air  cushion  pressure  and 
flow  coefficient  of  annulur  nov. .  le  for  ^-50°  and 
b/Dp  -  0.062‘;  as  theoretical  and  experimental 
functiono  of  the  parameter  b/h 


Fig.  5)1.  Coefficient  of  air  cushion  pressure  and 
flov  coefficient  of  annular  nov,..le  for  (f  »  45)° 
and  b/D^  -  O.Oh  as  t.heorcti  «1  and  experimental 
function,  of  the  parameter  b/h 
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Pig.  52.  Coefficient  of  air  cushion  pressure  and 
flow  coefficient  of  annular  noz~le  for  <P  *  0  and 
b/D ^  -  0.1  an  theoretical  and  experimental 

unctions  of  the  parameter  b/h 


Pig.  53.  Coefficient  of  air  cushion  pressure  and 
flow  coefficient  of  annular  nozzle  for  <P -  30° 
and  b/D^  -  0.1  ao  theoretical  and  experimental 
functions  of  the  parameter  b/h 


In  the  investigation,  the  range  of  variation  in  b/h  covered  three 
characteristic  regimes  of  annular  jet  streaming  along  the  shield.  One 
corresponded  to  the  case  of  small  distances  h  between  the  nozzle  and  the 
shield.  At  these  distances  the  annular  jet,  encountering  the  shield  in 
its  path,  streams  along  it  in  radial  directions.  Increased  pressure  caused 
the  reaction  of  the  radially  streaming  jet  is  induced  in  the  space 
bounded  by  the  bottom  of  the  nozzle,  Jhield,  and  by  the  annular  jet  -- 
along  the  sides,  that  is,  an  air  cushion  is  formed  (Pig.  55  a).  With 
increase  in  th<  distance  between  the  nozzle  and  the  shield,  corresponding 
to  a  reduction  in  the  parameter  b/h,  the  excess  pressure  beneath  the  nozzle 
is  reduced  and  the  air  cushion  gradually  disappears. 
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Pig.  54*  Coefficient  of  air  cuehion  pressure  and 
flow  coefficient  of  annular  nozzle  for  0  -  45° 
and  b/D^  -  O.i  as  theoretical  and  experimental 
functions  of  the  parameter  b/h 


Fig.  55*  Topical  cat'  of  annular  jet  streaming 
over  shieldi  a  —  flow  ilh  z.l>  cushion  formation; 
b  —  transient  flow  regie;  c  —  outflow  without 
the  effect  of  ground  proximity 


Beginning  at  a  xne  distance  h,  a  transient  flow  regime  sets  in.  Ihis 
second  case  is  characterized  by  the  fact  that  the  annular  jet  in  direct 
proximity  to  the  shie.'d  tends  to  merge  into  a  single  common  stream,  and 
the  ahield  itself  ceasvS  to  serve  as  the  surface  bounding  the  air  cushion 
(Fig.  55  b).  In  this  case  the  cushion  is  enclosed  between  the  nozzle 
bottom  and  the  tapered  converging  annular  jet. 

The  third  case  of  flow  occurs  at  Urge  distances  h  at  which  the 
annular  jet  is  able  along  its  path  to  the  shield  of  merging  into  a  single 
general  circular  stream,  while  the  shield  itself  has  no  aerodynamic  effect 
on  the  escape  of  the  jet  from  the  nozzle  and  the  distribution  of  pressure 
along  the  nozzle  bottom  (Fig.  55  c).  In  this  case  the  pressure  and  its 
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Fig.  56.  Effect  of  Blope  (f>  of  annular  nozzle 
generatrix  on  pressure  and  flow  coefficients  for 

/  -  0  and  b/D*  -  0.2 
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Fig.  57.  Effect  of  slope  of  annular  nozzle 
generatrix  on  pressure  and  flow  coefficients  for 

y  -  0  and  b /ba  -  0.0b 


Fig.  i)8.  Effect  of  3I opc  <f  of  annular  nozzle 
generatrix  on  pressure  and  flow  coefficients  for 

y  -  0  and  b j  b  r  =>0.1 
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Fig.  t)9-  Effect  of  relative  width  b/D^  of  flow- 
passage  opening  of  annular  nozzle  on  pressure  end 
flow  coefficients  for/  -  0  and  (Pm  0 
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Fig.  60.  Effect  of  relative  width  b/D0  of  flow- 
passage  opening  of  annular  nozzle  on  pressure  and 
flow  coefficients  for  y  -  0  and  <P  -  30° 


Fig.  61.  Effect  of  relative  width  b/Dj  of  flow- 
passage  opening  of  annular  nozzle  on  pressure  and 
flow  corfficients  for  >  -  0  and  <J>  ■  4S° 


0 

Pig.  62.  Two-paas  nozzle  installations : 

1  —  disk 

2  —  cylindrical  connecting  piece 

3  ~  taperei  connecting  piece 

4  ~  annular  insert 

5  —  circulai  insert 

6  —  p\n 

7  —  set  screw 

8  —  push  rod 

9  —  adjusting  screw 

distribution  along  the  bottom  arc-  determined  only  by  the  width  and  the 
angle  of  jet  exit  from  the  nozzle  and  by  circulation  air  currents  in  the 
space  enveloped  by  the  annular  jet. 

For  nozzles  with  relative  exit  width  b/Dft  -  0.02,  the  first  case  of 
flow  occurs  in  the  region  of  values  of  parameter  b/h>0.l,  the  second 
case  in  the  0.025-0.1  b/h  range,  and  the  hird  case  —  in  the  0-0.023  b/h 

range.  For  nozzles  with  large  relative  exit  width,  the  limits  of  these 
ranges  correspond  to  aooew',at  greater  values  of  the  parameter  b/h.  Figs.  56- 
58  show  curves  characterizing  the  effect  of  the  angle  of  inclination  <?  of 
the  nozzle  generatrix  on  the  pressure  coefl'iceint  p  and  discharge  coeffi- 
cl  nt  <x  as  a  function  of  change  in  parameter  d/h  for  nozzles  with  relative 
exit  width  b/D*  .  0.02,  0.05,  and  0.1. 

Tests  reveal  that  increasing  the  angle  of  inclination  <2?  appreciably 
raises  the  pressure  coefficient  of  the  air  cushion  for  all  nozzles  tested. 

An  especially  large  rise  in  the  pressure  coefficient  p  occurs  in  the 


Pig-  63.  Arrangement  of  drainage 
openings  on  two-pass  nozzle  insu¬ 
lation 

KEYj  1  —  18  divisions  of  15  [mm] 
each 

2  -  View  A 


range  b/'h  -  0.25-1.0,  which  is  the  working  range  for  air  cushion  vehicles. 
The  discharge  coefficient  &  ,  in  contrast,  decreases  with  increase  in  the 
angle  <p. 

The  effect  of  the  relative  exit  width  of  annular  nozzle  on  the  coeffi¬ 
cients  p  and  for  identical  angles  of  inclination  cp  of  the  nozzle 
generatrices  is  clear  from  an  examination  of  PigB.  59~6l«  The  parameter 
b/D  |  ,  varying  during  the  experiments  in  the  range  0.02-0.1,  relatively 
weakly  affects  the  values  of  p  and  &  . 


7.  Two-pass  Annular  NozzleB 

Air  cushion  flight  vehicles  with  single-pass  nozzle  installations, 
as  shown  by  full-s  ale  and  model  tests,  do  not  exhibit  the  required  static 
stability.  Even  a  slight  heeling  of  this  kind  of  craft  at  a  relatively 
small  clearanoe  ,eads  to  a  qualitative  change  in  the  motion  of  the  principal 
and  the  circulation  air  currents  in  the  space  bounded  by  the  annular  jet. 

An  abrupt  pvr-oure  drop  is  observed  at  the  bottom  of  the  craft,  on  the 
heeled  oide,  resulting  in  a  tipping  moment. 


The  static  stability  of  nozzle  type  craft  can  be  appreciably  augmented 
by  sectionalizing  the  bottom  with  additional  nozzles.  Ify  articulating  the 
cruft  bottom  with  nozzles  into  separate  sections,  the  discharge  of  air  jets 
forming  the  air  cushion  can  be  organized  in  such  u  way  that  even  far  large 
crof t  heelings  higher  pressure  is  induced  at  the  bottom  section  adjoining 
the  heeling  side,  and  a  righting  moment  will  uppear,  restoring  the  cvaft 
to  its  initial  position  after  the  perturbing. 

Several  methods  of  sectionali/ing  the  bottom  are  known,  among  which 
the  simplest  is  based  on  dividing  the  bottom  into  two  sections  with  concen¬ 
trically  arranged  nozzles.  This  method  has  practical  application  fcr 
air  cushion  flight  craft,  and  thus  finding  its  aerodynamic  qualities  in 
a  systematized  form  is  of  definite  interest. 

Studies  of  the  streaming  of  t-o  coaxial  annular  jets  along  a  flat 
shield  oriented  in  different  ways  relative  to  the  nozzle  installation  aimed 
at  finding  the  physical  flow  patte  n  of  jets  and  circulation  air  currents 
in  the  air  cushion,  discovering  regular! ties  of  pressure  distribution  over 
the  surface  of  the  bottom  of  the  nozzle  installation  and  the  shield,  and 
determining  the  dependence  of  pressure  coefficient  and  discharge  coefficient 
of  two-pass  nozzle  installations  on  their  geometrical  parameters. 

Two-pass  annular  nozzles.  A  study  of  the  streaming  of  two  coaxial 
annular  nozzles  over  a  flat  shield  was  carried  out  on  nozzle  Installations 
differing  by  the  angle  of  inclination  of  the  nozzle  generatriceai  in  one 
case,  tee  angles  ^  (Fig-  62  «)*  and  in  the  other,  - 

45°  (Fig  62  b).  Each  arrangement  had  two  nozzles  i  external  nozzle  wit\ 
dia.-^ter  D  g  1  -  400  mm,  and  intornal  nozzle  with  diameter  D  ^  ^  •  285  nim 

(the  dimensions  were  measured  along  the  inner  edges  of  the  nozzles).  The 
width  of  the  exit  opening  of  the  external  b^  and  internal  b^  nozzles  were 

identical  and  were  equal  to  ^  0  mm.  The  entrance  edges  of  the  nozzles 
were  rounded  to  a  radius  of  5  mm. 

The  nozzle  installation  consisted  of  a  disk  1,  cylindrical  connecting 
piece  2,  tapered  connecting  piece  5,  annular  insert  4  (external  section  of 
bottom),  and  circular  insert  5  (inner  section  of  bottom).  These  parts  were 
osj t  of  aluminum,  turned  on  a  lathe,  and  ground  within  the  limits  of  the 
nozzle  working  surfaces.  Parts  2  and  5  were  joined  togeth^i  with  bolts. 

Parts  4  ®nd  5  were  independently  connected  to  disk  1  by  means  of  three 
pins  6  and  three  push  rode  8.  Screws  7  and  washers  9  provided  the  coaxiality 
of  parte  1-5  and  the  possibility  of  installing  them  in  such  a  way  that  the 
exit  edges  of  the  nozzles  would  be  in  the  same  plane.  In  an  adjusted 
nozzle  installation  prepared  for  tests,  the  width  of  the  annular  slits, 
as  shown,  differed  by  not  more  than  ±  0.05  mm  in  their  measuremer.ts. 
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Pig.  64.  Experimental  stand  for  investigating  streaming 
0/  coaxial  annular  jets  over  shield  1 

1  --  stabilizing  chamber 

2  —  measuring  header 

3  —  converging  duct 

4  —  metal  screen 

5  —  cylindrical  guide 

6  —  test  nozzle  installation 

7  —  flat  screen 

8  —  steering  wheel 

9  —  carriage 

10  —  oaae  of  travelling  device 

1 1  —  scale 

12  —  push  rod 

13  —  worm  mechanism 

14  —  support  frame 
1^>-19  —  micromanometero 


Twenty  five  drainage  openings  1  mm  In  diameter  at  a  spacing  of  15  a® 
were  made  along  a  diametral  line  in  the  bottom  of  the  nozzle  installation 
(Fig.  63).  Prom  each  drairage  opening  the  pressure  was  transmitted  along 
a  rubber  hose  to  an  alcohol  microoanomete:  through  a  connecting  piece 
secured  to  the  inner  side  of  the  bottom. 

Two-pass  nozzle  installations  were  tested  on  the  same  experimental 
stand  used  to  test  single-pass  nozzles  (cf.  Pig.  12).  Part  of  the  stand 
on  which  the  two-pass  nozzle  was  mounted  is  shown  in  Pig.  64 ,  while  Fig.  69 
clarifies  the  installation  jf  tie  nozzle  and  the  shield. 
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Pig.  6'j.  Assembly  of  experimental  stand 

1  —  two-pass  nozzle  installation 

2  * —  sliding  shield 

3  —  worm  mechanism 


Interpretation  of  test  results.  Results  of  testing  two-paas  nozzle 
installations  were  represented  as  th<  dimensionless  pressure  coefficient 
p  and  discharge  coefficient  a  ,  calculated  by  formulas  (l)  and  (2).  In  the 
determination  of  the  discharge  coefficient  or  for  a  two-pass  nozzle,  the 
areus  of  the  passage  openings  of  the  external  and  internal  nozzles  were 
as  follows: 

i  i  - 

where  DH  ia  the  diameter  determined  from  the  external  edge  of  the  exit 
aperture  of  the  nozzle  in  question. 

Therefore,  when  using  the  above- i."  ;  a  aerodynamic  characteristics 
of  two-pass  nozzle  installations ,  we  must  renu  mber  that  the  discharge 
coefficient  &  determines  the  throughput  capacity  of  the  nozzle  installation 
ar  a  whole,  that  is,  both  the  external  and  the  internal  nozzles. 

2 

The  areas  (in  m  )  of  the  components  of  the  nozzle  installations  tested 
are  as  follows. 


Exit  opening  of  external  nozzle 
Exit  opening  of  internal  nozzle 
Total  area  of  nozzle  exit  openings 
External  section  of  bottom 
Internal  section  of  bottom 
Total  area  of  bottom  (excluding 
area  of  nozzle  exit  openings) 
Area  of  bottom  along  outer  margin 
of  external  nozzle 


0  m  30° 

<P  -  45 

0.01028 

0.01033 

0.00734 

0.00739 

0.01762 

0.01772 

0.03429 

0.03229 

0.06287 

0.06287 

0.11716 

0.11316 

0.13749 

0.14019 

The  he  number  used  in  plotting  the  aerodynamic  characteristics  of 
two-pass  nozzle  arrangements  was  calculated  by  Eq.  (4).  The  equivalent 
diameter,  equal  to  four  times  the  ratio  of  the  area  of  the  nozzle  exit 
openings  to  the  wetted  perimeter,  is 


=  2b. 


where  f~l  is  the  wetted  parameter  of  the  nozzle  exit,  calculated  by  Eq.  (6). 


Effect  of  Reynolds  number  on  ^reaBure  and  discharge  coefficients. 

Results  of  experiments  to  determine  the  effect  of  the  Re  number  on  the 
pressure  coefficient  at  the  external  and  internal  sections  of  the  bottom 
of  one  of  the  tested  variants  of  the  nozzle  arrangement  for  different  rela¬ 
tive  widths  b/h  of  nozzle  exit  are  given  in  Pig.  66  a  and  b.  In  the  tests 
the  variation  in  th«*  Re  number  was  achieved  by  varying  the  escape  velocity 
4et  of  air  from  the  nozzles,  and  the  variation  in  the  parameter  b/h  was 
achieved  by  Installing  a  shield  at  various  distance^  b  from  the  bottom  of 
the  nozzle  installation.  The  pressure  coefficient  p1  was  determined  by 
the  central  drain  opening  of  the  external  section  of  the  bottom  (points  2 
and  24,  cf.  Fig.  63),  while  the  pressure  coefficient  p^  was  determined  from 

the  central  drain  opening  of  the  internal  section  of  the  bottom  (point  13). 

Teat  reveals  that  for  nozzles  with  angj.es  (pm  30°  and  45°  ®nd  for  all 
the  variants  pf  shield  placement  relative  to  the  nozzle,  the  pressure 
coefficients  p1  and  p^  and  the  discharge  coefficient  or  are  practically 

Independent  of  velocity  vrf,  which  was  varied  in  the  range  4-30  m/sec, 
which  corresponds  to  a  variation  in  the  He  number  [illegible]  to  the  equi¬ 
valent  diameter  of  the  exit  openings  of  a  two-pass  nozzle,  f rom ~  4000  to 
32,000.  This  suggests  that  streaming  of  two  coaxia.’  annular  jets  over 
the  flat  shield  even  at  Re  numoers  >  32*000  remains  practically  automodeling, 
and  the  flow  characteristics  are  independent  within  wide  limits  of  Ihs 
geometrical  dimensions  of  the  nozzle  installation. 
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Fig.  66.  Pressure  coefficients  for  a  section  of  the  bottom 
of  a  two-paas  nozzle  installation  as  a  function  of  Reynolds 
number  Re  for  different  values  of  parameter  b/h» 
a  —  external 

b  —  internal  (  ^  -  0 1  f1  ■  ’  bl/r'6  1  *  81  " 

0.02) 

KEY i  A  —  v  ,  m/sec 
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Fig.  67.  Pressure  distribution  ulong 
bottom  of  two-pass  annulur  jet  for 
y  ■  0  and  several  valuo3  of  the 
parameter  b/h  (  <p  ,  -  ?'2  -  Sn°‘ 

b  /um  •  “i'/0  41  "  °-0') 

KEY:  A  —  internal  nozzle 

H  —  Internal  noz..le 

C  —  (without  shield) 
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Fig.  68.  Pressure  distribution 
along  bottom  of  tvo-paaa  annular 
jet  for  )  -  2°  and  several  values 
of  the  parameter  b/h  (  <f,  1  »  <T^  » 

50°;  b,/D  1  -  b2/D  -  0.02) 

KKYj  A  —  External  nozzle 
B  —  Internal  nozzle 


Pressure  distribution  over  t h <  bot. tor,  of  the  nozzle  installation. 
Pigs.  67-70  give  the  results  of  measurements  of  pressure  distribution  over 
the  bottom  of  a  no  zle  installation  witn  nozzle  angle  inclination  50° 
in  the  form  of  the  function  p  -  f  ( x/D g  ),  for  various  values  of  parameter 

b/h  for  nozzles  of  shield  inclination  relative  to  the  nozzle  installation 
Ym  0,  2°,  4°,  and  6°;  and  Pig3.  7  ' ~74  give  the  analogous  functions  for 

*  .  /  A.  .  -t  4  .  /I  .  L  V  i  1 _ 


nozzles  with  generatrix  slope  y"  - 


The  centrul  point  of  the  bottom 


of  the  nozzle  installation  (point  ’5  —  of.  Fig.  63)  was  taken  as  the 
origin  of  coordinates.  Th?  distance  from  the  central  point  of  tne  bottom 
to  the  drainage  point  at  which  pressure  was  measured  corresponded  to 
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Fig.  69.  Pressure  distribution  along 
bottom  rf  two-paaa  unnulur  jet  for 
^  -  4°  and  several  values  of  the 
parameter  b/h  (  <f  ,  •  f 2  •  >°°‘ 

b,/“ 8  1  -  yc  S  1  ■  °-02) 

KEY«  A  —  External  nozzle 
B  —  Internal  nozzle 
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Fig.  70.  Pressure  distribution 
along  bottom  of  two-pass  annular 
j-*t  for  /  »  b°  and  several  values 
of  th*  parameter  b/h  ( f  ^  f  ^  m 

50°;  b1/D(?1  -  VD4l  -  °‘02) 

KEY :  A  —  External  nozzle 
B  —  Internal  nozzle 


Observations  showed  that  jets  of  air  on  exiting  from  a  nozzle  in  <>ee 
escape,  not  confined  by  a  shield  (b/h  -  0),  gradually  became  narrow  ana 
at  some  distance  from  the  nozzle  cut-off  merging  to  a  single  common  sti-am 
flowing  in  the  direction  of  the  no.zle  uxiu  (Fig.  79).  Rarefaction  is 
observed  in  the  external  section  of  the  oottom  of  the  nozzle  installation. 
For  a  nozzle  installation  with  nozzle  inclination  angle  <p  -  ^0°  and  45  * 
this  rarefaction  ia  10-M  percent  and  7_12  percent  of  total  pressure  in 
the  stream  ahead  of  the  nozzle  installation,  respectively,  which  can  be 
seen  by  inspecting  the  function  p  -  f  (x/Dj.)  for  b/h  -  0  in  the  section 
x/D^1  •  ±  (0.50-0.5)  shown  in  Figs.  67  and  71. 
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Fig.  71 .  Pressure  distribution 
along  bottom  of  two-pasa  annulur 
jet  for  y  *  0  and  several  vulues 
of  the  parameter  b/h  (y1  m  (p  m 

4^°;  b,/Ds  ,  -  b^/D  r  ,  -  0.02) 


KEYi  A  —  clxternul  nozzle 
B  —  Internal  nozzle 
C  —  b/h  -  0  and  0.02^ 
D  —  0  and  0.02f 


Fig.  72 .  Preaauro  distribution 
along  bottom  of  two-pasc  annular 
jet  for  Y -  2°  and  several  values 
of  the  parameter  b/h  ( ^  ■ 

4‘,°!  b/D^  -  bjj/Dj,  -  0.02) 

KEYi  A  —  External  nozzle 
B  —  Internal  nozzle 


In  the  internal  section  of  the  bottom  rarefaction  it  is  observed  only 
over  some  annular  section  of  the_bottom,  where  the  pressure  coefficient 
takes  on  values  extending  to  p  ■  -0.16  for  a  nozzle  installation  with 
angle  <f>  •  50°,  and  up  to  p  -  -0.06  for  a  nozzle  installation  with  angle 
<f  ■  4!>°.  Excess  pressure  in  induced  in  the  central  section  of  this  area 
of  the  bottom  and  along  the  periphery.  Here  the  pressure  coefficient  rises 
to  p  ■  0.10  and  p  -  0.27. 
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Fig.  75.  Pressure  distribution 
along  bottom  of  tvo-pano  annular 
jet  for  j  -  4°  and  several  values 
of  the  purumeter  b/h  (  y  ^  ■ 

4t>°;  b,/D  j  -  b^/Dg  .  -  0.02) 

KkJY :  A  —  External  nozzle 

B  —  Internal  nozzle 


Pig.  74-  PreBBure  distribution 
along  bottom  of  two-pasa  annular 
jet  for  )  »  6°  and  several  values 
of  the  parameter  b/h  (  y  ^  m 

4t)°5  b^/Ug  ,  -  h.J -  0.02) 

KFYi  A  —  External  nozzle 
B  —  Internal  nozzle 
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Fig.  71?.  Free  escape  from 
nozzle  of  two  coaxial  annular 


P  I  IIJ|ipWII«MI  I 


This  nonuniformity  in  pressure  distribution  over  the  bottom  of  a 
nozzle  installation  is  a  consequence  of  the  Intense  circulation  air  currents 
induced  in  the  inner-annular  space,  caused  by  the  ejecting  action  of  the 
annular  Jets. 

The  flat  shield  in  the  path  of  jet  flow  leads  to  a  qualitative  varia¬ 
tion  in  flow  pattern.  For  large  distances  between  shield  and  nozzle 
(b/h  <  0.02t>),  a  single  common  stream  flows  along  the  shield,  resulting 
from  the  merger  of  annular  jets.  In  these  cases  the  aerodynamic  effect 
of  the  shield  on  the  inner-annular  Bpace  is  weak,  and  the  pattern  of  pres¬ 
sure  distribution  over  the  bottom  of  the  nozzle  remains  nearly  the  same 
as  for  the  case  of  flow  without  a  shield. 

As  the  shield  is  brought  closer  to  the  nozzle,  the  effect  of  the  shield 
on  flow  in  the  inner-ar.nular  space  becomes  more  intense,  ana  the  moment  is 
reached  when  the  flow  of  annular  jets  changes  abruptly i  the  inner-annular 
apace  is  enclosed  or  the  shield  and  the  annular  jets  streaming  over  the 
shield  are  converted  into  radial.  At  this  critical  distance  the  pressure 
distribution  over  the  bottom  of  the  nozzle  installation  becomes  particularly 
nonuniform.  This  critical  distance  b/h  -  0.04-0.1  for  two-pass  nozzles 
tested . 

With  further  approach  of  the  shield  to  the  nozzle,  the  uniformity  of 
pressure  distribution  over  the  bottom  is  substantially  improved  and  the 
excess  prosaure  over  the  bottom  surface  rises.  A  system  of  annular  vortices 
is  induced  in  the  inner-annular  space.  The  pressure  at  the  surface  of  the 
external  section  of  the  bottom  remains  always  much  weuker  than  the  pressure 
in  its  internal  section.  Fig.  7b  shows  photographs  taken  during  experiments 
with  a  flat  model  of  a  nozzle  in  u  flow  channel.  They  clarify  the  streaming 
of  coaxial  annular  jets  over  the  shield  when  the  bottom  of  the  nozzle 
installation  is  positioned  parallel  to  the  shield  (  y  -  0)  and  when  it  is 
in  the  heeled  position  (y'/  0). 

The  effect  of  the  angle  of  shield  inlination  y  on  the  pressure 
distribution  over  the  external  and  internal  sections  of  the  bottom  of  the 
nozzle  installation  can  be  determined  by  comparing  the  functions 
p  -  f  (x/D^)  for  the  corresponding  valueo  of  parameter  b/h  (cf.  Pigs.  67“ 


As  the  nozzle  of  inclination  j  at  the  external  section  of  the  bottom 
is  increased  in  the  zone  lying  neai  the  shield,  a  pressure  rise  is  observed, 
while  in  the  same  bottom  section,  Dut  now  in  a  zone  located  far  from  the 
shield,  at  the  opposite  of  the  installation,  the  pressure  droos.  When  this 
takes  place  the  intensity  of  the  pressure  change  in  these  bottom  zones, 
as  a  function  of  the  angle  of  inclination,  will  be  the  more  intense,  the 
shorter  the  distance  between  the  nozzle  and  the  shield,  that  is,  the  larger 
the  parameter  b/h  rigs .  77”60  present  —  for  deveral  values  of  parameter 
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76.  Streaming  of  tvo-pass  annuli  r  jot  over  shield 
nozzi.  in  horizontal  position 
nozzle  in  heeling  position 


Pig.  77.  Prooaur*  rot*  11  i  i  •  \  ; 
external  section  of  bolto-.  .»■ 
depreaued  nozzle  side  as  i  fui 
of  angle  of  heel  and  param.  t"i 

(?«  30°,  b/Dfi  -  o.o;  j 


76.  Pressure  coefficient 
xtej-nal  section  of  bottom 
>•  va ted  nozzle  side  as  a 
nn  of  angle  of  heel  and 
1/  n  (y>  -  >0°J  b/D* 


Fig.  79-  Pressure  ooeffi  ient  for  Fig.  HO.  Pressure  coefficient 

external  section  of  oottom  at  for  external  section  of  bottom 

depressed  nozzle  side  as  a  function  at  elevated  nozzle  side  as  a 

of  angle  of  heel  and  parameter  b  h  function  of  angle  of  heel  and 

(tf  -  45°;  b/D*  ,  -  0.02)  parameter  o/h  (cP -  45°l 

6  b /Df  ,  -  0.02) 


Fig.  ti1.  Pressure  dintribunon  over  shield  in  the 
streaming  of  a  twc-paaa  annular  jet  (  /  •  0j 

"  9  2  “  4 1)01  bi/I)5  i  “  1  "  0,°2) 

KEY i  A  —  External  nozzle 

B  —  Points  (>}  and  I?-; 

C  --  Internal  nozzle 
D  —  Points  1  and  64 
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Fig.  82.  Pressure  distribution  over  shield  in 
the  streaming  of  a  two-pass  annular  jet  (  * -  2°; 

<fy  -  </2  "  4^°:  bl /D3  1  "  VD  q  i  *  0.02) 

KEY i  A  --  Point  63 

B  —  External  nozzle 
C  —  Internal  nozzle 
D  —  Point  * 

b/h  —  the  functions  p1  -  f  (  j  )  for  the  near-shield  zone,  and  the  function 

p1  >  f^(  j  )  for  the  zone  thut  i3  distant  from  the  shield.  These  functions 

were  obtained  from  test  results  shown  in  Figs.  67~74.  Thus,  Figs.  77  «nd 
78  show  that  when  b/h  -  0i^  and  when  th-  angle  is  varied  iron  0  to  4°* 
the  pressure  coefficient  p*  rises  from  0.67  to  0.91 ,  that  is,  by  abcut 

-  •  • 

36  percent,  and  the  pressure  coefficient  p1  decreases  from  0.67  to  0.54» 

that  is,  by  about  ’9  percent;  but  when  b/h  <^0.i,  the  rise  in  p  and  the 

-•* 

decrease  in  p1  are  virtually  nonexistent  as  the  angle  of  inclination 
y  is  increased . 

Therefore,  as  the  distance  between  the  shield  and  tne^nozzle  is 
increased  (with  decrease  in  b/h),  the  pressure  a.fference  p*  —  p** 

decreases,  and  this  means  thut  the  rioting  moment  acting  on  the  nozzle 
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Kig.  bj .  Frft>uur'’  trit  uum  over  shield  in 
the  streaming  of  a  iwo-pa  ;i  annular  jet  ()  ■  4°} 
(p  1  '  y'-  -  4  '  ;  t  .  i  .  -  !■  ,  I)/}.  1  -  0.02) 

KKY :  A  --  rixterna. 

B  —  Point  ' 

0  —  lot" "ii  • . 

D  —  Poi.' 


iu  filsi  reduced.  For  i  i  :i  ■  n  .  between  th»  nozzle  and  the  bhield, 
this  pressure  distance  i:  m  nr-  ■  r 

Pressure  distribution  mou,'  ■  n<  hi-'t..  'i’ll*  results  of  measuring 
pressure  distribution  along  a  h r. i <  o>  tw<  natla.  nnnular  jets  streaming 
over  it,  exiting  from  a  nor..' i«  in:  'a.  i.»»,on  witn  no.. /.le  inclination  angle 
(f>  m  4‘;f  are  presented  in  Figu.  {•'-■.  Ju  t  us  In  the  preceding  experi¬ 
ments,  variation  in  th»  parameter  b/h  whs  achie/ed  by  varying  distance  h 
between  the  shield  und  the  no.  7.1.  nstallatlon. 

Test  results  are  presented  i  i  tn<  !  >w.\  cl'  the  function  p  ■  f  (x/ty^), 

where  x  is  the  distance  from  v  drajnngi  point  tested  on  the  shield  at 
which  the  pressure  p„  wuu  me. .sure  th<  nun  of  the  nozzle  installation 


I 


(shield  axis),  and  Dg1  la  the  diameter  of  the  bottom  of  the  nozzle  instal¬ 
lation  determined  with  reaped  >  the  interior  edge  of  the  external  nozzle. 
Hie  pressure  distribution  was  measured  along  two  mutually  perpendicular 
shield  diameters. 

The  escape  of  air  jets  at  the  inclination  angle  y  -  0  of  the  nozzle 
installation  with  respect  to  the  shield  is  shown  in  Pig.  01.  As  we  can 
see,  for  values  of  the  parameter  b/h  -  1*0.1  a  considerable  excess  pressure 
is  observed  at  the  surface  of  the  shield  surrounded  by  annular  jets.  The 
pressure  at  the  surface  bounded  by  the  inner  jet  is  markedly  higher  than 
the  pressure  at  the  surface  enclosed  between  the  external  and  the  internal 
jets.  In  this  range  of  values  of  parameter  b/h,  the  pr figure  distribution 
along  the  shield  remains  symmetric  relative  to  ita  axis. 

For  the  critical  distance  between  the  nozzle  installation  and  the 
shield,  that  ia,  when  b/h  -  O.O4-O.1,  the  symmetry  of  pressure  distribution 
along  the  shield  is  disturbed.  Just  as  in  the  case  of  pressure  distribu¬ 
tion  along  the  bottom  of  the  nozzle  installation,  the  pressure  distribution 
along  the  shield  at  this  critical  distance  becomeo  especially  nonuniform 
(the  curve  for  b/h  -  O.Oh).  With  further  increase  in  the  distance  between 
the  nozzle  installation  and  the  shield,  the  pattern  of  pressure  distribu¬ 
tion  along  the  shield  becomes  the  pattern  that  would  obtain  if  not  an 
annulur,  but  a  tingle,  continuous  cross-section  jet  of  air  impinged  at  the 
shield  (the  curve  for  b/h  •  0.2^).  Inclining  the  nozzle  installation 
leads  to  asymmetry  of  the  preBBure  distribution  along  the  shield.  Increased 
pressure  is  ooserved  at  the  aide  of  the  shield  adjoining  the  bottom  of  the 
nozzle  installation  compared  to  the  pressure  at  the  side  that  is  dia*unt 
from  the  bottom.  The  nonunif ornity  of  pressure  distribution  becomes 
greater  an  the  angle  of  inclination  )  is  increased. 

Especially  significant  nonuniformity  of  pressure  distributio  1  olong 
the  shield  occurs  for  critical  distances  between  the  nozzle  inst* 1  'i\ cion 
ana  the  shield.  For  example,  when  b/h  -  O.Oh  the  pressure  sharpl*  drops 
off  nearly  to  zero  at  the  side  of  the  shield  that  is  distant  from  the 
’ozzle  installation  (of.  Pigs.  02  and  05).  For  distances  between  shield 
ana  nozzle  installation  that  are  greater  than  the  critical  value,  for 
example  when  b/h  -  0.0^‘j,  the  pressure  distribution  along  the  shield 

becomes  similar  to  the  distribution  of  pressure  when  a  single  continuous 

c  ’oss-section  air  jet  flows  along  toe  3hield. 

Pressure  coefficient  and  discharge  coefficient  of  two^pasa  annular 
nozzle.  Results  of  determining  the  pressure  coefficients  p1  and  p^, 

respectively,  at  the  external  and  internal  sections  of  the  bottom  of  the 
nozzle  installation,  and  the  discharge  coefficient  of  the  nozzle 
installation  as  a  whole,  as  a  function  of  parameter  b/h,  are  presented 
in  Figs.  84  and  8t>  for  the  angle  of  in  lination  y' -  0.  Those  functions 

were  determined  with  constant  value  of  tho  nozzle  exit  widths  b1  -  b  * 

8  me  and  with  the  distance  to  the  shield  varied  from  8  to  8^0  mm,  and 


Fig.  04.  Pn  aa  .r.  M  i  •  •  md  -i  1  a charge  inefficient 
as  theore  tiea.  an.:  >•  iprr  1 ■  i . u  .  fui.  tiona  of  purameter 
b/h  f<  r  a  tvo-pafut  unnwi  .  r  a  wf  .  n  J  .  -  y  .  - 
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Fig.  8‘j.  Fresnor.  '  '  ...  marge  coefficient 

as  theoretical  arid  •  -*  i,.,<  •  *  ...  .ana  of  parameter 

b/h  for  U  tW(  -pus:.  ~'.t  ?,  ,  .  m  <f  m  4 ‘j° 

L. 


alno  in  tenting  the  no-zn  lr.s’a  in  .  n  - 1  thou  t  pm  a-ment  of  a  shiel'4 
(b/h  ■  0).  The  preaaur*  <  if.  n  i.u,  in.  ,  w.-re  found  from  the 

results  of  measuring  pr.  uuur  .  ■  ..r  .lnap't  points  l  and  2\  and  at 

drainage  point  resp.  .  u  v.- 1/  ,  i  .  .  oj)  »ru  concerned  the 

'■aae  of  air  oBcuping  f  r  •  a  m  .<•  , ;  ;» i<».  la  t  ion  wnich  the  ratio  of  the 
exit  width  to  the  diari.et.-v  !  -  •  ‘  i«-  t»*  ruined  with  reapect  to  the 

i'^er  edge  of  the  external  n  •  ,  .  -  0/400  0.0P. 


Ah  the  parameter  b/h  wuh  reduced  from  2  to  0.075  (cf.  Figs.  84  and 
H‘j ) ,  that  is,  as  the  distance  between  the  lozzle  installation  and  the 
shield  wan  increased,  u  mono tonic  reduction  in  the  pressure  coefficients 
p1  and  p,  was  observed.  Whin  b/h  <  O.O/b,  the  change  in  the  function 

p  -  f  (b/h)  WAB  severely  disrupted :  the  pressure  at  the  external  and 
the  internal  sections  of  the  bottom  of  the  no. zie  installation  dropped 
off  sharply.  At  these  critf.'"!  distances  between  the  nozzle  installation 
und  the  shiela,  ut  first  the  externul  annulur  jet,  not  reaching  the  shield, 
merges  with  the  internal  angular  jet,  and  then  the  common  annular  jet 
merges  into  a  continuous  jet  flowing  over  the  shield. 

Teste  showed  that  the  pressure  at  the  internal  section  cf  the  bottom 
iu  considerably  higher  than  the  pressure  of  the  external  section.  Thus, 
the  ratio  p1/p1  -  1.07  for  a  no. zli  installation  in  which  the  inclination 

of  the  nozzle  generatrix  </'-  4  °  for  b/h  -  1,  and  the  ratio  p^/p ^  -  2. Oh 

—  when  b/h  -  0.1.  An  the  distance  between  the  nozzle  installation  and 
the  shield  was  made  greater,  that  is,  as  the  parameter  b/h  was  reduced, 
the  pressure  at  the  interior  section  of  the  bottom  dropped  more  rapidly 
than  in  the  exterior.  For  free  disenarge  of  annular  jets,  that  is,  in 
the  case  of  flow  without  a  shield  (b/h  »  0)  the  pressure  coefficients 
p1  -  -0.1J  and  p0  -  0.21  for  a  noz..ie  installation  with  angle  of  generatrix 

inclination  (pm  }0° ,  and  p1  -  -0. 1  and  p^  -  0.28  —  for  a  nozzle  installa¬ 
tion  in  which  the  angle  of  generatrix  inclination  <f  -  45°. 

The  discharge  coefficient  of  the  nozzle  inatui lation  for  free  air 
discharge  or  -  0.94 “0.97 •  The  presence  of  a  shield  along  tne  flow  path 
of  the  jets  reduces  coefficient  } .  Tnis  is  accounted  for  by  the  fact 
that  the  presence  of  the  shield  near  the  nozzle  installation  boosts  the 
pressure  at  the  interior  side  of  the  annular  jets,  intensifies  the 
nonuniformity  of  a  velocity  distribution  at  the  nozzle  exits,  and 
appreciably  lowers  th<  discharge  of  air  fox  the  same  total  pressure  in 
the  flow  of  air  flowing  into  the  no.  >  ins  ulation.  When  b/h  -  0.15-2 
and  for  the  same  b/h  values  for  no.  .e  installations  invwhich  the  angle 
of  nozzle  generatrix  inclination  1 pm  JO  and  A1)0,  the  discharge  coeffi¬ 
cients  (X  are  practically  identical. 

Experimental  studies  showed  that  the  discharge  coefficient  Of  of  the 
nozzle  installation  as  a  whole  i<  pru  tically  independent  cf  the  angle  of 
inclination  y  of  the  shield  witn  respect  to  the  nozzle  installation  in 
the  range  of  y  values  0  oc  for  a  given  distance  between  shield  and  center 
of  the  bottom,  defined  by  parameter  b/h.  Therefore,  as  tne  parameter  b/h 
and  the  angle  of  inclination  |  are  varied,  the  discharge  coefficient 
ac  must  take  on  the  corresponding  value  of  parameter  b/h  and  y  ^  0. 


CHAPTEH  THREE 

THEORETICAL  STUDIES  OP  NOZZLE  INSTALLATIONS 
IN  AIK  CUSHION  VEHICLES 


8.  Characteristics  of  Peripheral  Jets 

One  of  the  principal  characterio tico  in  the  theory  of  air  cushion 
vehicles  is  the  dependence  of  exccBB  preoaure  in  the  air  cushion  on  the 
geometrical  parameters  of  a  nozzle  installation,  its  position  relative 
to  the  support  surface,  and  the  total  pressure  of  the  air  flow  fed  to 
this  inotal lation.  ftiia  function  is  advantageously  expressed  in  the  form 
of  a  dimensionless  pressure  coefficient  characterizing  the  ratio  of  the 
exceau  pressure  in  the  cushion  to  the  total  pressure  of  the  stream  of 
uir  fed  to  the  nozzle  installation.  All  other  principal  air  dynamic 
characterisf1  's ,  as  for  example,  tie-  discharge  coefficient,  drag  coeffi¬ 
cient,  lift  coefficient,  torque  coefficient,  and  coefficient  of  static 
stability  are  to  some  extent  derivatives  of  this  fundamental  relationship 

There  are  several  studies  presontin;  a  theoretical  treatment  ol  the 
air  cushion  and  establishing  a  relationship  between  aerodynamic  charac¬ 
teristics  and  geometrical  parameters  of  the  nozzle  installation.  Let  us 
examine  the  results  of  the  principal  work  done  in  this  field  and  compare 
them  with  experimental  data. 

“ .  The  first  ana  simplest  theory  of  the  jet  method  of  air  cushion 
formation  was  proposed  in  by  Koehler  [67,  68],  examining  the  case  of 

discharge  in  which  the  jet  of  air  exiting  from  a  horizontally  positioned 
two-dimensional  peripheral  [annular j  nozzle  is  directed  normal  to  the 
ground  surface  (Pig.  86  a).  Boehler  assumed  air  to  be  an  inviscid  and 
incompressible  fluid,  regarded  the  distribution  of  velocity  v„  and  pres¬ 
sure  pH  in  the  plane  of  nozzle  cut-off  to  be  uniform  and  invariant  along 
the  length  of  the  jet  and,  by  applying  the  momentum  equation  to  this  flow 
derived  a  relationship  between  the  jet  width  b  and  height  h  of  the  nozzle 
with  respect  ,o  the  ground  surface i 

.  {p,—pm)h. 
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Pig.  86.  Determining  the  air  cushion  pressure 

coefficient 


where  is  the  pressure  in  the  air  cushion. 


The  pressure  coefficient  of  the  air  cushion  is 


Boehler  [67]  observed  that  this  3ame  formula  for  the  pressure  coeffi¬ 
cient  of  air  cushion  was  derived  independently  of  him  by  Chaplin  [69]  in 
I9t>7  and  was  then  expanded  for  use  in  the  case  a  jet  flowing  from  a  nozzle 
at  the  angle  (f>  to  the  ground  surface.  With  reference  to  the  angle 
formula  (7)  becomes 


( I  *-  Mil  (p). 


Boehler  and  Chaplin  ex ’.ended  nr, 3.  (?)  ar.d  (8)  to  the  case  of  0 

three-dimensional  (annular)  nozzle  when  the  ratio  of  the  exit  width  b 
to  the  diameter  D M  of  the  annular  nozzle  is  extremely  small. 


In  these  studies  [67,  69]  it  wan  assumed  that  the  velocity  in  the 
plane  of  the  nozzle  cut-off  is  uniformly  distributed  and  equal  to  the 
velocity  vM  of  the  exterior  bounding  jetlet.  Therefore,  the  discharge 
coefficient  of  the  nozzle  in  thiB  case  (X  ■  1 ,  ThiB  assumption  means 
that  the  effect  of  ground  proximity  on  the  pattern  of  flow  of  an  air  jet 
from  a  nozzle  was  neglected. 


The  function  p  ■  f(b/h)  plotted  by  JSq,  (8)  is  given  in  Pig.  87, 
curve  1.  Here  also  wbb  plotted  the  external  function  p  •  f^b/h)  we  obtained 
for  an  annular  jet  having  parameters  b/D^  ■  0.02  and  <jp  •  4?  (curve  12). 


9 


i 


Fig.  07.  Functions  of  air  cuunion  pressure  coefficiento 
obtained  by  various  theories i 
'  —  according  to  Bochlcr-Chapl in  (v  -  vH  ;  p  -  pM  ) 

2  --  according  to  Stanton  Jones  (horizontal  cut-off; 

R  ■  H  M  ) 

3  --  according  to  Alexander 

4  —  according  to  Pinm-a  (horizontal  cut-off) 

‘  --  according  to  Stanton  Jones  (p  -  (p„  ♦  prf  )/2)  and 
for  dp/dv  **  coiiat 
o  — •  according  to  Cohen 

7  —  according  to  Pinnos  anu  according  to  Crewe  and 

Eggington 

8  —  according  to  Stepanov 

9  —  according  to  Strand  and  Rechou 

10  —  according  to  Stanton  Jonen  (horizontal  cut-off, 

H  -  fi«  ) 

11  —  according  to  Eh.'leh 

1J  —  experimental  urve  for  annular  nozzle  with  horizontal 
cut-off  (b/D*  -  0.01  and  </>  -  4 ) 

13  --  based  on  calculation!)  with  v  »  v(  and  p  ■  p„ 

KEY :  A  --  Normal  cut-off 

B  —  Horizontal  cut-off 


Aa  we  can  see,  Eq .  (8)  autiofarti my  rel'lt? eta  the  trend  of  the  experi¬ 

mental  curve  only  for  very  oiua*l  valuer  of  b/h,  that  is,  only  for  very 
high  clearance  heigh  to  h  of  th<  no  .  le  above  tne  support  ourface,  thia 
moans  that  Eq.  (0)  io  suitable  t'  >r  very  "thin"  jets.  For  the  case 

-  4b°,  the  coefficient  p  -  0  already  when  b/h  -  O.P93.  At  largei  b/h 
values,  this  theory  becomes  oeuningleos,  since  the  pressure  under  the 
nozzle  bottom  can  never  exceed  the  total  preDoure  of  the  jet.  As  applied 
to  transport  air  cushion  vehicles,  the  range  of  variation  in  clearance 
height  from  h  ■  0  to  h  ^  (3~4)b  is  of  intercut.  Therefore  the  practical 
applications  of  Eq .  (u)  are  very  restricted . 


70 


/,  We  can  consider  another  cane,  which  we  of  lor  ao  an  extreme  case, 

if  we  adopt  the  velocity  and  preouurc  in  the  jet  in  the  plane  oC  nozzle 

cut-off  to  be  uniformly  distributed  and  equal  to  the  velocity  and 
vresBure  at  the  inner  boundary  of  the  jet  (cf.  Fig.  86  b).  If  we 
aasume  that  the  velocity  v4  and  the  related  volume  flow  of  air  <4  -  v#b 

remain  conntant  along  the  length  of  the  jot,  the  momentum  equation  for 

this  curve  will  become 


lining  the  Bernoulli  equation,  w»  will  write 


/'.  r„ 

i*; 


1  1  /»• 


II  |  I  •  Mil  ij  | 
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I 

-'1//|  (  I  •  Mll'ji 


(10) 
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Ah  we  cun  Bee,  when  h_-  U  the  pressure  roof  1'ieiont  of  the  air  cushion 
p  •  1,  and  when  h  *  *  ,  p  **  O,  that  lu,  fcq .  (9)  gives  valid  limiting 

vaiueu  of  the  coefficient  p. 

Curve  plotted  by  Kq.  (  »)  f <  1  the  ruse  ,  -  49°  ia  shown  in  Pig.  87. 
Thio  l'ormula_gives  appreciably  na.nl  lor  valuer)  of  the  air  cuohion  pressure 
coefficient  p  compared  with  the  vaiueu  obtained  experimentally. 

The  /.one  of  possible  vaiueu  of  the  air  cushion  preusur*  coefficient 
is  bounded  by  these  two  limiting  canes,  characterized  by  curves  1  and  1} 
plotted  by  Eqn.  (b)  and  (h).  Actually,  the  air  velocity  in  the  plane 
of  no  i’.le  cut-off  decreases  from  v„  to  vf  in  the  direction  from  the 
outer  edge  to  the  inner,  whil.  the  static  pressure  rises  from  the  atmo¬ 
spheric  vulue  pH  to  the  pressure  pfl  in  the  air  cushion. 

All  other  theoreti  al  studies  in  thin  field  aimed  at  finding  regula¬ 
rities  of  the  presour>  and  the  velocity  distribution  in  the  plane  of  the 
nozzle  cut-off  and  ti  ubsequent  determination  of  the  air  cuahion  pressure 
coefficient  employing  >:■  leas  rude  assumptions. 

t> .  In  19t>9  iitantor  1  [vo,  7  ]  made  a  revinion  of  the  "thin"  Jet 

theory  proposed  b.v  Boehler,  .  .;uuwr.*  th«  pressure  in  the  jet  to  be  the 
arithmetic  mean  of  the  pr«  n  1  :  th«  boundaries  of  the  jet,  that  in, 

p  «  (pfl  ♦  pM)/l.’.  According in.  :.entum  equation  becomes 


I  I  '  dl  |  '  .  (/>.  />.  )  It, 

and  the  Bernoulli  equution  is 


(H) 


where  v  is  the  averaged  vein  .  ty  in  •  .  t. 

!  m.c  e  pnit inns,  the  air  cuahion  pressure 


After  the  Joint  soieti 
coefficient  wua  obtain*'.:: 


/ 


:t>  1  .  -( 1 

'I  (i  Mil  If)  ' 


(12) 


where  II 
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.  From  bq . 

0 

) ,  we  have 

;  t  to  the  air  jet. 

an  be  represented  in  the 


11;. 


HO 


I 


By  replacing  the  air  cushion  pressure  coefficient  with  ito  value 
taken  from  bq.  (12),  we  gut 


Curve  l)  (cf.  Hig.  0  V )  way  plotted  by  bq.  (12)  for  the  cane  •  4t>  • 
Aa  we  an  see,  the  refinement  of  the  pressure  coefficient  p  proposed  by 
utanton  Jones  leads  to  a  somewhat  better  agreement  with  experimental 
curve  1C.  Ho never,  the  pressure  ooef ficient  obtained_by  the  otanton 
Jones  method,  even  when  b/h  -  O.^Bb,  gives  the  value  p  ■  1.  At  larger 
b/h,  bq .  (12)  becomes  meaningless,  since  p  >  1. 

4.  Ah  already  atated,  the  pressure  rmes  from  p  „  to  p,,  in  the 
cross-section  of  the  jet,  in  the  direction  toward  the  air  cushion.  To 
determine,  to  the  firat  approximation,  the  aerodynamic  characteristics 
of  air  cushion  it  ia  natural  to  assume  that  the  pressure  in  the  plane  of 
the  no/ ale  cut-off  is  linearly  distributed  [49].  Assuming  the  static 
pressure  gradient  to  be  constant,  we  get 

'•  t\ 

*'  r.  i\  '  (H) 

where  b  is  the  di  tan  e  from  the  outer  edge  of  the  nozzle  to  the  point 
in  question!  and  p^  is  the  pr<-H3ur<  at  the  point  x  unior  study. 

The  total  pressure  at  each  point  ol  the  croau-Bection  of  a  jet  is 
onutant,  therefore,  by  uuing  the  Bernoulli  equation,  ve  will  write 


,  •  P. 


I>.,  const, 


where  v  is  the  velo  ltv  at  this  oum, 
x 

From  this  equality  it  follows  th.i 


I  I  '•  / 


r,  r. 


By  using  these  functions,  we  cun  represent  kkj.  ( 1 4 )  in  the  form 


h 


Hence  the  velocity  field  in  the  nozzle  cut-off  plane  is 


(15) 


Let  uu  express  toe  pressure  coefficient  p  of  the  air  cushion  in 
terms  of  the  geometrical  parameters  of  tno  nozzle  installation  and  the 
clearance  height  h  of  the  craft  above  the  ground  surface.  By  employing 
the  momentum  equation  to  the  contour  enclosing  the  air  jet,  wo  will  write 


f. 

j(l  j- sti.'j )  coscjiavib,  —  h  (p,  —  P.) 

U 


Then,  by  using  Lq .  (  'j),  we  final  y  get 

'2b ih  ( I  |  MM  <0 
^  ~~  I  bh  (I  •  Mil  <|) 


(16) 


With  reference  to  Lq .  (1‘  ),  the  discharge  coefficient  iB 
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V,. 


i  ,  ilb 


(..  *> 
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pdb  . 


After  . nt^gra ting,  we  get 


a 


! 


(17) 


The  funct^wd.  p  -  l'(b/h),  plotted  oy  hq.  (16)  for  the  angle  </*■  49°» 
is  shown  in  Pig.  87  (curve  *>).  Note  that  6q.  (16)  for  the  pressure 

coefficient  we  obtained  in  I960  independent.  of  the  studies  of  Stanton 


Jones  [’/O,  71]  fierce  with  iiq .  (V)  fi«-  proposed  o.irlitr.  The  only  differ- 

once  lion  in  trie  expressions  of  the  discharge  coefficient.  iitantoh  Jones 
iletertnin**d  the  discharge  buried  on  th<  mean  eacape  velocity  of  the  jet 
fjvm  tne  nozzle,  while  wo  use  the  approach  of  integrating  the  velocity 
lie  id. 


') .  A  paper  by  Finneu  [/•  ]  published  in  1‘7/j  presents  the  determina¬ 
tion  of  the  uir  cushion  preu  ure  coefficient  with  reference  to  the  varia¬ 
tion  in  trie  velocity  field  in  tlv  nozzle  cut-off  plane  coused  by  the 
pressure  drop  us  the  jet  boundary.  Hy  examining  the  condi  tiona  of 
equilibrium  of  the  centrifugal  forces  and  the  force  of  pressure  acting 
on  an  e.eoientary  particle  in  a  jet  exerted  by  the  air  cushion,  and 
assuming  that  on  exiting  from  trie  nozzle  the  jetictu  —  streaming  over 
the  ground  surface  —  will  move  along  the  urea  ol  u  circle,  and  that  the 
total  pressure  ut  eacn  point  in  the  jet  rosa-section  remains  constant, 
Pinnen  concluded  thut  tie-  veocity  in  the  croas-aections  of  a  jet  ia 
distributed  just  aa  in  a  free  vortex: 


*A’.  1 

wfiere  v ^  is  the  velocity  in  the  no.  ..it  .ut-off  plane  with  coordinate 

i  the  radius  of  trie  ar  •  of  a  lr  le,  uhere  the  velocity  la  v^ ; 

hfl  is  tfie  radiua  of  Uu  ar  <d  a  ir  te  tangent  to  the  exit  edge  of  the 
inner  aide  of  the  no...  it  and  tin  ground  surfs  e;  H  ,,  la  the  radius  of 
the  arc  nf  a  circle  tangent  'o  the  cutei  edge  of  tfie  outer  wall  of  the 
fio.'/le;  h  .  -  ftH  -  b,  where  t  ia  the  nozzle  exit  width  (Fig.  08  a). 


Fig.  88.  For  determining  the  air  uahion  pressure  coefficient 


Here  the  clearance  Height  of 
grtund  surface,  with  reference  to 
gei  era trix ,  is 

h  A1 


trie  nozzle  installation  above  th< 
the  angle  nl  inclination  of  the  nozzle 


Mil  tj  ) 


Kroploying  the  symbols  adoptod  and  tranof onning  the  equations  derived 
by  Pinneo,  we  can  repronent  them  as  fallows. 

The  relative  velocity  at  the  nuzzle  i'xit  it 


i,  K . 

y-  w«  |  .  "• 
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blh 
*>  h 


(I  •  sin  *j) 
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where  b  is  the  dista  ice  from  the  >uter  edge  of  the  nozzle  exit  to  the 

point  xXof  intereat  in  the  nozz’e  cut-off  plane,  where  the  velocity  ifl 

b  . 
x 


The  relative  exceao  at-'.'c  pressure  in  the  nozzle  cut-off  plane  is 


Pi_  r, 

z 


b/Jt_ 

-  HH 


sin  m 


r 


re  px  is  the  static  preunure  at  thin  point  in  the  nozzle  cut-off 
with  coordinate  b^ .  The  preb  uiv  oefficient  of  the  air  cushion  (curve  7» 

cf.  Fig.  07 )  is 


I’  ■- 


(18) 


The  discharge  coefficient  of  the  nozzle  installation  is 


l  /it! 
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(19) 


In  tneae  formulas  tne  height  h  ia  the  distance  between  the  exit 
edge  cf  the  outer  nozzle  wall  und  the  support  surface. 

If  we  assume  that  the  nozzl*  cut-off  lies  in  the  plane  of  the 
vehicle  bottom  and  that  the  clearance  height  is  equal  to  the  distance* 
between  the  bott""i  and  the  support  surface  (cf.  Pig.  80  t),  that  is, 


,l  K, '  I  Mhip)  (Rh  h)  (I  iinq). 


then  the  formulas  for  the  air  cushion  pressure  coefficient  (curve  4, 
cf.  Pig.  87)  and  for  'ne  nozzle  discharge  coefficient  will  becomei 


p  -  I 
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(21) 


It'  wi  expand  Kq.  (20)  and  neglect  the  term  [b/h  (1  sin  <p)]  . 
ainci  it  ia  small,  we  get  Kq  (b),  proposed  bv  Jhuplin  [ 69 ] • 

o.  Grewe  and  Kg  ^ngton  proponed  in  a  paper  ^7}]  published  in  1^60 
tout  at  the  nozzle  exit  the  jet  iu  in  the  form  an  arc  of  a  circle  in 
the  vertical  plane  with  const  mt  wiuth  b,  wni  h  is  comparable  to  the  mean 
radius  of  curvature  of  a  jet  equal  to  h„  ♦  b/  ' ,  where  K,,  is  the  radius 
of  the  outer  boundary  of  the  jet. 


Kxamining  the  forces  ueting  on  the  elementary  air  particle,  Grewe 
and  «.ggington  assumed  that  the  preosure  gradient  along  the  width  of  the 
jet  is  equalized  by  the  centrifugal  lorceB  induced  in  the  turning  of  the 
jet, 


tip  ft-  i>u: 

ill' ,  K  A1*  •  ’ 


(22) 


By  the  Bernoulli  equation,  we  nave 


/’ 


II. 


wfien  p  and  v  are  variables;  uni  H  is  the  t(  tal  pressure  required  for 
jet  forma  ion. 

With  reference  to  the  Bernoulli  ut.ion,  Ik}.  (22)  can  be  represented 
in  trie  form 


ill'  ll,  ,  /.| 

I  r  II  I  , if 

1  ’i 


Integrating  within  the  limits  from  p„  (the  pressure  at  the  outer 
boundary  of  the  jet)  to  pB  (pressure  u.  the  innor  boundary  of  the  jet, 
equal  to  the  pressure  in  the  air  cushion),  and  from  •  0  to  »  b, 

we  get  the  air  cushion  pressure  coefficient 
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(23) 


From  ‘.he  adopted  geometrical  form  of  the  j  t  it  follows  that 
b  ♦  Hh(1  +  ain  <p),  whence  we  have  the  parameter 


l  '< 

h  '  Ml  'I  1 


The  r.c/.ie  discharge  coefficient  in 


where  in  trie  velocity  at  the  instantaneous  point  in  the  nozzle  cut-off 

plane;  v  „  in  the  volume  flow  of  air  under  conditions  of  ground  proximity; 
and  is  the  volume  flow  of  air  wfon  the  jet  e  capes  freely  (no  shield 

is  present). 

The  Bernoulli  equation  in  differential  form  ia  up  -  -  v  dv.  Inserting 
this  expression  into  Lq.  (<V),  we  get 


Integrating  hiv  leit-hani  nice  of  trim  equation  within  the  limits 
vM  trie  velocity  of  'he  outer  founna ry  ol  th>  j>  t  to  vx~~  the  velocity 

at  the  point  in  question  with  coordinate  L^,  we  ge t  an  expression  for  the 

via.  •  l ty  field  in  the  jet 


Hepla  ci  'ig  velocity  v  in  hq  .  (<V4)  by  its  expression  from  fclq .  ( 2t> ) » 

We  gt  t 


l  . 


1,1 '  1  '  li  ) 


hqs .  (?})  ana  (/o)  pr  jponeu  oy  Grewe  aid  -  rgir."to*  ,  if  they  are 
expreoaei  ao  a  function  of  b/h,  agree  with  hqn  .  (’6)  and  ( 1 9 )  of  Pilules 

(curvi  /,  Fig.  8’/).  On  inupe  ting  hq.  (2‘j),  we  can  see  that  the 
velocities  in  the  crona-sections  of  the  jet  adored  by  Grewe  and  kggington 
are  diotnbuted  tne  same  aa  in  a  free  vortex. 


,  .  In  his  work  [/l].  in  addition  to  revising  the  Boehler-Chapl in 
"thin"  j<*t  theory  [h8,  h9j«  Gtanton  Jones  proposed  an  exponential  func¬ 
tion  for  a  wide  range  of  values  for  the  jet  thickness-craft  elevation 
ratio,  thut  is,  for  a  "thick"  jet.  Gtunton  Jones  assumed  that  on  exiting 
from  a  nozz.le  the  jet  is  curvi  j  ut  the  shield  along  the  arc  of  a  circle, 
without  modifying  its  thickness,  while  the  pressure  in  the  air  cushion 
is  reduced  by  centrifugal  forces  caused  by  the  movement  of  the  Jet  along 
a  curved  trajectory.  In  thin  cane  the  simplified  equation  of  the  equi¬ 
librium  of  forces  actir/  on  an  eiemertary  jet  mass  is 

Jb  l‘ 

or,  when  the  Pornoulli  formula  ^  ^  ,  ,l1’  \  is  U3ed, 


./  w  ih  ‘:l1 

i  r  ll  '  >' 

.Itanton  Jonen.  in  contrast  to  Grove  and  hggington  [7i]  considers 
the  radius  R  as  a  constant  ami,  after  Integra t  ion,  obtainp 


Assuming  that  radius  K  appearing  in  this  formula  is  equal  to  the 
radius  of  the  streamline  bounding  the  air  cushion  and  bearing  in  mind 
the  adopted  jet  scheme  (Fig.  88  b),  Jtanton  JoneB  founa  H  -  R^  - 
-  h/  (  *  ♦  sin  ) ,  and  then 


, !  *  \  i.  q  I 

/  .  ■  (27) 

Assuming  that  radius  it  1:  e«;uul  '  >  the  radius  of  the  streamline 
bounding  the  umbierit  atmospn.  re  (Fi*  .81  c),  .uanton  Jones  obtains 
h  ■  H„  -  (h  -  b)/(l  +  sin  <f),  and  thus, 


r  l  r  1  '  "  (28) 

Those  formulas  were  derived  for  a  nc  le  with  horizontal  cut-off 
in  which  the  oxit  edges  lie  in  the  3ame  plane  with  the  bottom  of  the 
nozv.lo  installation. 


C  mpuriaon  showed  thut  cur' «■  >0  (of.  Fi/t.  87  )  derived  by  bq.  (27) 
agrees  bolter  with  experimental  data  then  curve  ?  determined  by  Eq  ,  (28) 

iq.  {•  I )  hao  been  unod  by  numeroun  authors  [4  2,  7 4 ”7 ® 1 • 

8.  In  hio  work  [7(>]  published  in  llU>o,  Alexander  examines  the 
Ainetions  p  -  2x/(1  ♦  x)  and  p  -  '  ~  wncrr  x  -  b/h  (1  +  Bin  <7  ) 

and  Htates  that  none  of  theae  expressions  can  be  accepted  as  satisfactory 
when  b/h  S1  ,  oince  underlying  the  derivation  of  theae  equations  with 

the  rendition  of  constant  momentum  aluiiK  the  jet  length  on  the  assumption 
‘.hat  the  ,(  t  width  b  over  the  entire  pain  of  no  trove,  remains  invariant 
Hnd6  ’  tne  .e  assumptions,  au  Alexander  maintains,  the  condition  of  conti¬ 
nuity  i  i  viola  ted . 

Alexander  BUKK'hiled  tnai  the  momentum  equation  be  applied  to  this 
cuoe  of  flow  as  follows: 

I*;  ""hi,  I  ,1  </>.  !':)h,  (29) 

where  v  is  the  mean  jet  v»-»o  it.,  at  toe  no  te  exit;  vM  is  the  nozzle 
of  the  jet  exiting  t<  ward  on.-  :uue  the  air  cushion,  where  the  pressure 
in  tri*  jet  cross-sect  ’  e.,  i.i  ejun,  ta  trie  atmospheric;  and  b„  is  the 
j»  t  width  at  atmospheric  pressure. 

Assuming  the  mean  pressure  in  the  no. . ie  cut-off  p.arie 
p  -  (pr>  ♦  p„  )/2  ur.d  uitinr  the  Bernoulli  equation,  wu  can  write 


Neplectin^  tie  term  [(pr  -  ;>„)/  ‘in]”  be  :a use  of  its  smallness,  we 
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After  these  trunsf orina t j ons ,  hq.  (29)  cur  be  represented  as 


(l>,  P«)h:-\W  (/>.  ;  '  l-i/f -{/>,  —  /»J|. 


Then  the  air  cushion  pressure  coefficient  is 


P,  I’h 
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Ut.  ing  the  anournp  lens  presented  and  referring  to  the  absence  of 
adequate  experimentu 1  data,  Alexander  assumed  that  the  actual  pressure 
in  an  air  cushion  must  be  higvo-r  than  th*  values  expressed  by  formulae 
p  -  l'x/(l  ♦  x)  and  p  *  1  -  e“^x.  How.  ver,  experimental  data  refuted 
tn id  conclusion  of  Alexander's.  Fig.  07  presents  the  function  (curve  t>) 
p  -  f(b/'h)  plotted  by  Kq .  (V)  for  V  -  4^°. 

) .  onaidering  tne  escape  of  an  air  jet  from  a  fiat  nozzle  against 
a  shield,  using  the  velocity  hodograph  ire  thou,  and  introducing  simplifying 
assumptions,  Litepanov  [/,  l]  obtained  the  following  approximate  relation¬ 
ship:  v1  -  (v^vj-,  according  to  winch  the  mean  velocity  v1  in  the 

nozzle  exit  is  equal  to  the  geometric  mean  of  the  velocities  at  the 

exterior  v  and  the  interior  v  limits  of  the  jet. 

■  •. 

Applying'  tiie  momentum  theorem  to  ,>  control  contour  enclosing  a 
urved  section  of  (.  jet  and  using  the  <>ntinuity  equation  and  the 
Bernoulli  equation,  btepanov  derived  an  equation  relating  the  geometric 
and  aerodynamic  parameters  of  a  jet ; 

h  u  :  ,M',  .  Ail  •  ‘.'t-j  I  tqt’j 
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the  prtr.iiurt*  ut 
p*  is  the  total 
o  la  the  anfil** 


the  pressure  at  trie  outer  boundury  of  the  jet;  p,  ia 

the  inner  boundary  of  the  jft  (air  cushion  pressure); 
p re n sure  in  the  jet  (pressure  of  stagnant  stream);  and 
ol'  in  linatiun  >1  t:.e  n<zzir  Kcneratrix  to  the  horizontal. 


Converting  to  our  uymbois, 


(  '  )  an  be  represented  au 
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Let  un  fina  the  diueharKi  uoeffi  lent  u)  a  fiat  nozzle,  usin#  the 
fun  tior.  v  •  (v  v  )*•.  The  discharge  of  u  fiat  nozzle  is 

'  r  ) 

e'  J  ‘  (/J  />  .1 , 

from  wnonce 


UaniK  the  fijuu .  l  t  j  me  mj:  (:4)  and  (^h)»  we 

a  _  J. 

^'e t  J »  (1  -  1/x)4  or,  in  our  ../mb  to,  i.«  »  ’  -  p)4. 

With  referen  •<  to  iv;.  ( • '  ,  ’.r,  ...  coefficient  of  a  flat 

nozzle  can  be  determined  from  t  n-  lhrmuia 


Th'*  function  p  «  l'(u/h)t  |hhu.h  by  n<) .  \lA>)  for  </  -  4h°,  ia 

^Tiven  in  Kitf.  81  (curve  u). 


H).  in  1 9 t>V *  Strand  [bO.  b1]  examined  the  atrt 
of  a  fiat  peripheral  [annular]  j*  t  exiting  from  a  no 
ut-off.  Desiring  to  find  the  characteristics  of  an 
wide  range  of  variation  in  the  relative  jet  width  to 
including  also  for  the  oo-calied  "thica"  jeto  oharoo 
of  thio  ratio  (b/h  ">  0 . }  ) ,  St  rand  employed  thi  methoc. 
complex  varidDle  for  hin  study,  using  the*  ISchwarz-Ch 
ana  obtained  solutions  expressible  in  terma  of  first 
integrals . 


iming  along  a  shield 
zle  with  normal  exit 
air  cushion  ovor 
cruft  hovering  height, 
ter i ied  by  high  values 
of  functions  of  a 
ric toffel  transformations, 
-order  elliptical 


The  results  of  numerical  calculations  were  represented  as  plots  expres- 
sing  the  dependence  of  the  pressure  coefficient  p  of  an  air  cushion  on 
parameter  b/h  for  values  of  the  angle  of  nozzle  inclination  to  the  ground 
surface  ,v  -  0,  30,  and  60°,  Fig.  H7  (curve  H)  presents  the  function 
p  -  f(b/h)  for  the  case  >  A')  ,  obtained  by  graphical  interpolation  of 
curves  calculated  by  Jtrand. 

M.  F.  tlhrich  [bf]  examinee  two  characteristic  cases  of  the  flow  of 
a  peripheral  jet  from  u  nozzle  onto  a  shield.  >n  the  first  case,  streaming 
along  the  shield,  the  jet  splits,  one  part  of  the  stream  moves  toward  the 
increased -pr*  auure  region,  while  the  other  departs  to  the  outside  away 
from  the  air  cushion,  in  the  second  ase  the  entire  jet  moves  to  the 
exterior.  F.  fclhrich  studied  flow  from  a  nozzle  with  an  arbitrary  exit 
cut-ofi  angle,  in  solving  the  problem,  useo  conformal  mappings,  the  velo- 
:ity  hodograph.  and  the  11  -hwar. -.-Chris  tof fel  transformations.  The  resulting 
equations  proved  to  be  extremely  complex,  and  t h«  ir  solution  was  possible 
only  by  the  method  of  numerical  integration. 


Calculations  showed  that  ire  roaming  the*  angli  of  inclination  of  nozzle 
generatrix  in  the  region  j  -  0-4  °  leads  to  a  riue  in  trie  pressure  coeffi- 
lent  p  of  th-  air  euuhion  both  fur  th«  split  jet  as  well  as  for  the  jet 
completely  deflected  to  the  outside.  Here  the  coefficient  p  takes  rn 
larger  values  f  r  the  jet  deflect-!  to  the  outside. 


Tie-  discharge  coeffi  •  j  —  r. ’  -  n.  *e  increases  as  trie  angle  is 

increased  for  a  split  jet,  out  it  !<•  :  r*  uses  f.,r  the  jet  completely  deflected 
to  the  outside.  For  id-mi  ui  :  ie.»ra,ices  of  the  nozzle  above  the  shield 
(in  the  range  h/ b  »  U- 1 J ,  the  o«  ffi  lent  •  is  greater  for  the  split  jet 
than  for  the  jet  deflected  to  trie  outside. 


Deducing  the  height  of  trie  exit  ec,.  of  the  inner  wall  of  tile  nozzle 
while  the  elevation  height  of  thi  nuzzi-  above  the  shield  is  kept  constant, 
whi  h  corrop-ponds  to  varying  t  e  <xit  <  ut-off  angle  of  the  nozzle,  brings 
about  a  drop  in  thi  air  cushion  pressui-  coefficient  for  the  split  jet, 
but  increases  the  pressure  coefficient  p  fur  the  jet  deflected  to  the 
outside.  In  other  words,  ‘.he  nozzle  with  horizontal  wail  cut-off  is  more 
advantageous  compared  to  tin*  nozzle  variant  with  a  normal  cut-off. 

Fig.  B’l  (curve  11;  presents  the  dependence  of  the  air  cushion  pressure 
coefficient  p  on  parameter  b/h,  taken  from  the  work  of  rihrich,  for  a 
nozzle  with  normal  eut-uff  and  angle  of  generatrix  inclination  </  -  4b°. 
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'2.  In  hio  work  [s}]t  published  in  '96b,  Cohen  examined,  using  the 
hodograph  method,  the  flow  of  a  peripheral  two-dimensional  jet  near  the 
support  surface  and  obtained  in  closed  form  the  characteristics  of  thi  jet 
over  some  range  of  variation  of  throe  main  design  parameters  ~  jet 
thickness  b,  angle  <f  of  nozzle  generatrix  inclination,  and  clearance 
height  h  of  the  nozzle  over  the  support  surface.  The  effect  of  the  angle 
of  nozzle  exit  cut-off  on  air  cushion  characteristics  was  determined. 


The  trend  of  the  solution  to  the  problem  led  to  first-order  elliptical 
integrals.  0y  introducing  simpl if icutions  and  approximating  several 
expressions  appearing  in  the  ellipticul  integral,  Cohen  obtained  the 
following  approximate  functions  associating  nozzle  geometry  with  jet  para¬ 
meters  . 


The  form  of  the  internal  free  streamline  of  tne  jet  (on  the  air  cushion 
side)  is  well  approximated  by  the  arc  of  a  circle  having  the  radius 


fi¬ 


ll 
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(38) 


and  with  its  center  lying  along  a  noriml  t'  the  nozzle  wall. 

The  slope  of  the  nozzle  cut-off  taper  (angle  between  a  line  connecting 
the  exit  edges  of  the  nozzle  and  the  normal  to  the  nozzle  walls)  is 


1  •  { 

- (39) 

where 

(40) 

Here  v^  is  the  mean  air  velocity  within  the  nozzle  (velocity  at  large 
distances  from  the  exit  cross-section);  v1  is  the  velocity  at  the  free 

streamline  at  the  outer  boundary  of  the  jet;  and  v^  is  the  velocity  at 

the  free  streamline  at  the  inner  boundary  of  the  jet. 


Cohen  determined  the  lift  of  an  air  cushion  vehicle  and  analyzed  the 
change  in  the  ratio  of  lift  near  the  ground  surface  to  the  thrust  at 
large  distances  from  the  ground.  In  his  paper,  Cohen  does  not  present 
functions  expressing  the  pressure  change  in  the  air  cushion.  Let  us  find 
this  function,  by  replacing  in  fciqs.  (j8)  and  (>9)  the  relative  velocity 
v.,/^  and  the  coefficient  £  with  the  corresponding  pressure  ratio. 
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The  radius  of  curvature  of  the  internal  free  streumline  of  the  jet, 
in  accordance  with  the  assumed  geometri.ial  parameters  of  the  nozzle  and 
tho  Jet  discharging  from  it  is 

IJ  fl  ■  ''<MH  '(  l  "S<}  u,’<) 

l  .  Ml.  4  ~  -  l*1* 

where  h  is  the  clearance  height  of  the  nozzle  (exit  edge  of  the  outer 
nozzle  wall)  above  the  support  surface. 

The  total  pressure  in  the  plane  of  the  nozzle  cut-off  is  kept  constant, 
and  therefore, 


f  •£  =  <>='-  Ct)’ 


Further,  uoing  Lqs.  (36)“(41),  let  us  represent  the  air  cushion 
pressure  coefficient  in  the  form 


/>-  I 
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where 


For  a  nozzle  installation  with  normal  nozzle  cut-off  (y  ■  0),  we  have 


p  —  1  —  e 


and  in  the  case  (j  »  0  and  u'«  0,  we  have 


p  —  1  —  e  }  1 


_ 


Fig.  8 7  (curve  o)  presents  the  function  p  *  f(b/h),  plotted  by 
Hq.  (4^)  for  ?  -  4‘A 

1^.  In  his  work  [ B4 ]  presented  hi  the  International  Congress  on 
Applied  Mechanics  in  1964  and  published  in  196b.  Kechou  examined  the 
plane  problem  of  the  discharge  of  a  peripheral  [annular]  jet  onto  a  shield, 
employing  functions  of  u  complex  variable  for  hie  study.  The  nozzle  had 
a  normal  exit  cut-off.  Uoing  Fourier  aeries,  being  limited  to  the  first 
terms  of  the  expansion  and  making  aeverul  assumptions,  Kechou  arrived  at 
the  following  approximate  expressions  relating  nozzle  geometry  to  jet 
aerodynamic  parameters  1 

b  ra  1  b  o,s <t  h  “<•  i-ctho)  <  a»s<?  / >1 

;  -  I  r  ctli  a  ■  -  ;  - - 3 — : - • 

r  1 1  f  u  0  c  *-  1 

where  £  is  the  jet  thickness  at  a  distance  tending  to  infinity. 

In  thin  cage  the  air  cushion  pressure  coefficient  is 

P  -  r'  I  <•  (44) 

where 


a  In 


It  must  be  noted  that  u  quantity  that  iu  the  reciprocal  of  b/f  i: 
the  discharge  coefficient  of  the  nozzle,  the  ratio  of  the  actual  volume 

flow  of  air  to  the  volume  flow  »«.  where  there  is  uniform  velocity 

P 

distribution  at  the  nozzle  cut-off,  that  is, 


A  function  plotted  according  to  itq .  (44)  coincides  with  high 

accuracy  with  curve  p  *  f(b/h)  calculated  by  otrand  (cf.  curve  9  in  Fig.  dj). 

These  theoretical  studies  on  th*  determination  of  aerodynamic  charac¬ 
teristics  of  peripheral  jetB  can  be  conventionally  divided  into  two  groups. 
TTie  first  includes  the  works  of  Boehler,  Chaplin,  Stanton  Jones,  Pinnes, 
and  bo  on,  in  which  simplified  models  of  the  physical  phenomenon  associated 
with  the  discharge  of  air  jets  onto  a  shield  serve  as  a  basis  of 
theoretical  generalizations.  This  enables  the  authors  to  derive  for  the 
air  cushion  pressure  coefficient  simple  functions  expressed  in  explicit 
form,  and  agreeing  quite  satisfactorily  with  experimental  results  only  in 
a  narrow  range  of  geometrical  parameters. 
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Th"  other  group  en  .ompuoues  the  wi  rku  ol'  otrand,  fclhrich,  Cohen,  and 
Hechou.  The  authora  of  thenc  worka  examined  thr  discharge  of  peripheral 
jets  from  nnzzleu  onto  a  shield  more  rigorously,  employing  mcthoda  of  the 
theory  of  functiona  of  a  complex  variable.  However,  the  oolutiona 
obtained  in  these  investigations  require  complex  and  laborious  calcula- 
tiona  or  else  are  given  in  the  f  rm  of  implicit  functions,  which  markedly 
complicates  their  use  for  practical  purposes,  particularly  in 
subsequent  analysis  of  aerodynamic  and  energy  characteristics  of  air 
cushion  vehicles. 

In  all  these  studies  the  air  jet  streaming  along  the  shield  is 
considered  as  a  flow  devoid  of  viscosity.  Such  an  ideal  flow  naturally 
differs  from  the  motion  of  an  actual  air  Jet  and  the  analytical  functions 
obtained  reflect  only  to  some  degree  of  approximation  the  actual  pattern 
of  the  streaming  of  an  air  .jet  over  tht  shield.  Allowing  for  viscosity 
even  further  complicates  the  final  formulas  used  in  calculating  aerodynamic 
characteristics. 

Therefore,  it  appears  to  as  desi  able  to  derive  functions  in  which 
~  with  allowance  for  the  principal  features  of  the  physical  phenomenon 
of  the  discharge  of  a  jet  onto  u  shield  —  relate  in  explicit  form 
aerodynamic  characteristics  of  an  air  cushion  with  the  geometrical  para¬ 
meters  of  the  noz/.le  installation  and  i  t3  position  relutive  to  the 
support  surface  in  the  entire  range  of  variation  of  the  craft  hovering 
regime.  It  is  also  desirable  that  these  functions  be  convenient  for 
practical  use  in  calculating  both  single-pass  as  well  as  sectionalized 
nozzle  installations. 


9.  Nozzle  Installation  With  Normal  Nozzle  Cut-off 

Let  us  find  functions  relating  the  geometric  parameters  of  a 
nozzle  installation,  its  clearance  height  above  the  support  surface,  and 
the  aerodynamic  parameters  of  the  air  stream  brought  to  this  installation. 
Let  us  determine  the  air  cushion  pressure  coefficiait  ,  discharge  coeffi¬ 
cient,  and  drag  coefficient  of  the  nozzle  installation,  and  set  up  rela¬ 
tionships  between  them. 


1  The  theory  proposed  was  developed  by  the  author  in  1961  for  single- 
pass  nozzles  with  horizontal  cut-off  and  was  employed  in  calculations  of 
an  air  cushion  vehicle  designed  and  built  in  1961-1962.  In  1 96 3  this  theory 
was  extended  to  single-pass  nozzles  with  normal  and  oblique  cut-offs,  and 
in  1964  —  to  sectionalized  (two-paas)  nozzle  installations  with  arbitrary 
placement  of  external  and  internal  nozzles.  Further  consideration  yielded, 
in  1966,  analytic  expressions  of.  characteristics  for  sectionalized  nozzle 
installations  inclined  with  respect  to  the  support  surface. 
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Let  us  examine  the  di3churge  of  uir  from  the  nozzle  installation  onto 
the  ohield  (cf.  Figs.  57  and  89).  Under  the  effect  of  the  exceoa  pressure 
Pn  ”  Pa  maintained  constant  in  the  receiver,  the  air  is  brought  into  the 

nozzle  and  exits  from  it  in  the  form  ol'  jets  directed  downward.  On  encoun¬ 
tering:  the  shield  along  their  path,  the  jetc  become  curved  and  stream 
along  it  to  either  side.  With  increasing  separation  from  the  axis  of  the 
no/...le  installation,  the  jet  thickness  is  reduced,  as  is  the  jet  curvature. 

At  some  diotunce  from  the  nozzlf  the  compression  of  the  jets  ends  and  they 
travel  along  the  shield  surface.  Owing  to  the  viscosity  and  the  consequently 
induced  ejection  effect,  a  boundary  layer  is  formed  at  the  jet  boundaries. 

Air  sucked  from  the  exterior  spuce  is  entrained  by  a  jet  in  the  direction 
cf  its  motion.  The  air  ejected  from  the  inner  space,  on  approaching  the 
shield,  is  separated  from  the  jet  and  exits  to  the  side  opposite  the 
direction  of  the  main  mass  of  the  jet.  A  circulation  flow  is  induced  in 
the  inner  space. 

In  the  region  bounded  by  the  bottom  of  the  nozzle,  shield,  and  jets, 
excess  pressure  --  an  air  cushion  —  is  induced  as  the  result  cf  the 
reaction  effect  of  the  jets.  He  this  takes  place,  in  the  plane  of  the 
nozzle  cut-off,  the  pressure  drops  from  atmospheric  p„  to  the  air  cushion 
pressure  pg  in  a  direction  from  the  outer  trailing  edge  of  the  nozzle  to 
the  inner,  and  therefore,  there  is  a  transverse  preB3ure  gradient  in  the 
jet  in  the  plane  of  nozzle  cut-off.  Th<-  nonuniformity  of  velocity  distribu¬ 
tion  in  the  nozzle  cut-off  plane  corresponds  to  this  nonuniformit.y  in 
pressure  distributions  the  greatest  velocity  is  near  the  external  exit 
edge  of  tin*  nozzle;  while  the  least,  determined  by  the  counter  pressure 
[bock  pressure]  produced  by  the  uir  cushion  —  is  near  the  inner  edge. 

The  excess  pressure  in  the  uir  cushion  causes  pressure  forces  to 
become  evident,  acting  on  the  shield,  nozzle  bottom,  and  the  jet,  and 
maintaining  the  lutter  on  u  curved  trajectory.  It  can  be  noted  that  with 
tfie  no.  zle  position  kept  unchanged  relative  to  the  shield,  the  air  cushion 
pressure  varies  in  proportion  to  the  momentum  of  the  jets  (Ap  ^fv2), 
while  with  the  momentum  kept  constant  the  pressure  in  the  air  cushion  is 
inversely  proportional  to  the  distance  between  the  nozzle  and  the  shield 
(Ap  1/h).  With  these  factors  taken  into  account,  the  pressure  in  the 
nozzle  cut-off  plane  cun  be  expressed  as  follows  for  the  particular  nozzle 
installation  with  normal  cut-off: 


i  h'  )»^(l  sms)  ... 

tlx  h  i  x  sin  f  ’  '  * 

that  is,  we  will  assume  that  at  the  nozzle  cut-off  there  is  a  static  pres¬ 
sure  gradient  that  is  dependent  on  the  angle  of  jet  inclination  with 
respect  to  the  shield  and  that  varies  in  direct  proportional  to  the  momentum 
of  the  elementary  jetlet  in  the  plane  of  nozzle  cut-off  and  inversely 
proportional  to  the  distance  from  the  exit  location  of  this  jetlet  issuing 
from  the  n>zzle  to  t.he  shield. 
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Fig.  tlh.  For  cal  culating  the 
aerodynamic  churn  tcristics  ol  uir 
cushion  produ  eu  by  a  jet  escaping 
fr?m  a  no/...]f  with  rtormul  cut-off 


If  we  neglect  the  friction  ol  air  against  tho  noxzle  wall  and  assume 
the  air  to  be  an  ideal  fluid,  th-  n  we  cun  assume  that  the  total  pressure 
at  each  point  in  th?  jet  in  the  no;  le  cut-off  plane  remains  constant, 
equul  to  the  excess  pressure  m  the  receiver  ahead  of  the  no/.zle  installa¬ 
tion,  that  is  p  r  _  p *  const, “here  p  and  v  are  thi  static  pressure 

and  air  velocity,  respectively,  at  the  point  in  question.  Therefore  for 
the  no../le  cut-off,  by  Bernoul  1  1 1  s  cjuation,  wo  have 

ilp  -| >v  dv.  (46) 

Inserting  this  expression  into  hq.  i/.p),  we  /;et 

<h'  __  v  (1  .  sm  <j ) 

<1*  ~h  -f-  x  sm  <f  '  (^7) 

Thus,  in  the  plane  oi  no  .  .1-  ent-off  in  the  direction  to  its  inner 
edge  there  is  a  velocity  gradient  dependent  on  the  angle  of  jet  inclination 
with  respect  to  the  shield  ana  varying  in  direct  proportion  to  the  velocity 
at  the  given  point  ana  in  isvcrsi  proportion  to  the  distance  from  this  point 
to  the  shield. 

Velocity  field  in  no//.l<  ut-off  plane.  To  obtain  the  velocity 
distribution  in  the  no/./.le  cut-off  plant,  let  us  solve  differential  equation 
(47).  After  separation  of  variables,  wo  get 

(• 
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(1  -f-  sin  9)  j  - 
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vy 


dx 

h  f-  x  sin 


and,  therefore. 


( l  t  tin  <f  ) 
tin  (f 


(«) 


Converting  from  the  logarithm  to  the  exponential  function,  this  result 
can  be  represented  as 


£«_ 
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or 
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(49) 


Assigning  the  instantaneous  coordinate  b^/b  various  values  within  the 

limits  from  0  to  1  und  using  this  formula,  without  difficulty  we  can 
construct  the  velocity  field  us  .  function  of  parameter  b/h  and  the 
3 1 ope  of  tnc  generatrix  to  the  uxis  of  the  nozzle  installation.  When 
b^  -  b,  we  get  the  formula 

t-(‘  <->*)  (,+iH 

enabling  us  to  calculate  the  velocity  v^  of  the  jetlet  travelling  from 
the  inner  edge  of  the  noz..le  at  the  boundary  with  the  air  cushion. 

When  the  slope  -  0,  fclq.  (49)  becomes  meaningless,  since  the  function 
vx/v^  -  f(^)  expressed  by  this  formal u  i3  analogous  to  the  function 

y  ■0  ♦  x)*2,  defining  the  Napier  number  e,  has  an  apparent  discontinuity 
for  <p  ■  0.  Actually,  this  formula,  as  ^3 0,  tends  to  its  limit  and  is 
continuous  also  at  the  point  <p  -  0. 

Let  us  find  the  expression  for  the  velocity  field  of  the  nozzle 
cut-off  when  the  generatrix  slope  $  «  0.  As  applied  to  this  case, 

»£q.  (45)  becomes  simplified  and  takes  on  the  form 


pv1  dx  —  h  dp. 


Replacing  the  pressure  drop  dp  with  its  expression  by  fckj.  (46),  we  get 


9b 


Integrating  thin  expression  witnin  the  aume  limits  as  for  the  caBe 
f /  0,  we  find 

„  -i  bj,  » 

'  -  <*  *  =  t*  *  » 


r.q .  (k;0)  determines  in  dimensionless  form  the  velocity  field  in  the 
cut-off  plane  of  a  nozzle  having  the  generatrix  slope  -  0.  Pig.  90 
presents  in  dimension^  su  form  tn« oretioul  velocity  fields  in  a  jet  an 
it  exits  froc  nozzles  with  generatrix  slope  <p  »  }0,  41?,  60,  und  90°,  and 
for  various  values  of  parameter  b/h.  The  velocity  fields  were  plotted  by 
ckj.  (49). 

Therefore,  the  greatest  nonuniformity  in  pressure  distribution  in  the 
no  .v  ie  cut-off  plane  obtains  for  large  values  of  paramt  ter  b/h.  Here  the 
velocity  field  profile  faces  the  nozzle  cut-off  with  its  concavity.  With 
decrease  in  parameter  b/h,  which  can  be  obtained  either  by  reducing  the 
nozzle  exit  width  b  or  by  increasing  height  h  of  its  elevation  above  the 
ground  surface,  the  velocity  field  is  rapidly  equalized,  approaching  the 
linear  distribution.  Moreover,  with  increase  in  the  slope  fP  of  the  nozzle 
^neratrix  for  identical  values  ol  parameter  b/h,  the  nonuniformity  of 
velocity  distribution  in  the  nozzle  cut-off  plune  increases  somewhat. 

Pressure  field  in  no...  le  cut-off  plane.  If  we  use  the  Bernoulli 
equation  as  applied  to  the  nozzle  cut-off  in  each  point  of  which  the  total 
pressure  remains  constant,  then 

P.  r  -  pH  t  V  . 


ii-’-  r"-  ^  1  _  fill* 


heplacing  in  fckj.  (91)  the  ratio  vx/v^  with  the  corresponding  value 
from  fck}.  (49).  we  get 

l_r-l'T^.|lnl,+-V V,n')  (52\ 


—  — ~  P*  —  | 


(l  +  £.A>tn«P) 


or 


Fig.  90.  Theoretical  velocity  fields  in  the 
exit  cro3s-aection  of  a  nozzle  with  normal 
cut-off  for  variuU3  values  of  angle  0  : 
a  —  (pm  }0° 

b  —  <p  .  49° 
c  —  <p  -  60° 
d  —  <p  ..  90° 


For  the  case  <p  ■  0,  witn  reference  to  clq .  (90),  the  pressure  field 
in  the  nozzle  cut-off  plan*  is 


r,  -  p„ 

I'K 
2 

£qa.  (92)  and  (95)  enable  us,  by  specifying  values  from  0  to  1  to 
the  instantaneous  coordinate  b^/b,  to  construct  in  the  dimensionless  form 

the  pressure  field  in  the  air  jet  as  it  exits  from  the  nozzle  as  a  function 
of  the  parameter  b/h  and  the  slope  <p  of  the  generatrix  with  respect  to 
the  nozzle  axis. 


In  dimensionless  form  the  theoretical  pressure  fields  in  the  air  Jet 
as  it  exits  from  ft  nozzle  with  normul  cut-off  and  when  the  generatrix 
slope  <p  •  30,  4t> f  60,  and  90°  for  different  parameter  b/h  values  are  shown 
in  Pig.  9'«  Eq.  (V)  was  used  in  plotting  these  fields.  As  we  can  see, 
when  the  exit  width  v  of  the  nozzle  is  close  to  the  values  of  the  distance 
h  between  the  nozzle  and  the  ground  surface,  the  excess  pressure  in  the  Jet 
increases  rapidly  in  the  direction  from  the  outer  edge  of  the  nozzle  to 
the  inner,  while  the  pressure  gradient  is  gradually  decreasing.  The  profile 
of  the  pressure  field  in  accordance  with  the  nature  of  the  variation  in 
the  pressure  gradient  faces  the  ground  surface  with  its  convexity.  With 
increase  in  distance  h,  that  is,  with  decrease  in  parameter  b/h,  the  excess 
pressure  in  the  nozzle  cut-off  plane  decreases,  while  the  pattern  of  the 
distribution  of  this  pressure  in  the  nozzle  cut-off  plane  approaches  the 
linear. 

Air  cushion  pressure  coefficients.  Setting  in  Eqs.  (5 2 )  and  (53)  the 
instantaneous  coordinate  -  b,  we  get 

_  „  — J|  If  -p—  )  I#  ( 1  +  r-  »ln 

— r1  =  1  —  e  '  '  *  /,  (54) 

K 

2 

For  the  case  when  f  -  0 


Pt  ~~  P» 

K 


2 


(55) 


Eqs.  (54)  and  (55)  determine  the  excess  pressure  p^  -  p^  at  the 
boundary  of  the  jetlet  travelling  from  the  inner  edge  of  the  nozzle  exit. 
This  excess  pressure  propagates  in  the  space  bounded  from  above  by  the 
bottom  of  the  nozzle  installation,  from  below  by  the  ground  surface,  and 
from  the  sidaB by  the  air  Jets  escaping  from  the  nozzles.  The  dynamic 
pressure  pv2/2  of  the  boundary  air  jetlet  travelling  from  the  exit  edge 
of  the  outer  nozzle  wall  is  equal  to  the  pressure  (p^  -  p*)  of  the  air  Jet 

fed  to  the  nozzle  installation.  Therefore  Eqs.  (54)  and  (55),  represented 
as 


n  =  £*=£*  =  1  ,n  (1+  r'H 

Pt  -  Pm 

P  =  I  -  ( I  +£sln«p 

and  in  the  case  <p-  0 
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Fig.  9‘-  Theoretical  1'ielas  of  static  pressures 
in  exit  cross-section  of  a  no.:,  le  with  normal 
cut-off  for  various  values  of  the  angle 
a  —  <p  -  30° 
b  —  <f>  m  4!?° 

C - <P  m  60° 

d  ~  f>  -  90° 


express  the  dimensionless  air  cushion  pressure  coefficient. 

These  coefficients  determine  the  fraction  of  transformation  of  the 
total  pressure  of  the  air  current  in  front  of  the  nozzle  installation  into 
the  static  pressure  in  the  air  cushion,  expressed  in  terms  of  the  geometric 
parameters  of  the  nozzle i  width  b  of  the  nozzle  exit,  slope  (P  of  the 
generatrix,  and  height  h  of  the  position  of  the  nozzle  installation  relative 
to  tie  support  surface. 

The  air  'ushion  pressure  can  be  determined  also  in  another  way  if  we 
know  the  velocity  field  in  the  nozzle  cut-off  plane.  Let  us  enclose  the 
jet  forming  the  air  cushion  in  the  contour  shown  in  Fig.  89  with  a  dashed 
line.  Let  us  extend  the  upper  section  of  the  contour  in  direct  proximity 
to  the  bottom  of  the  nozzle  installation,  and  in  the  section  intersecting 
the  jet  --  in  the  nczzle  cut-off  plane  we  will  locate  the  outer  section 
of  the  contour  parallel  to  the  ground  surface  at  the  level  of  the  nozzle 
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Fig.  92.  Pressure  coefficient  of  air  cuohion  of 
no../le  with  normal  cut-off  as  a  function  of  the 
parameter  b/h  for  various  values  ^>of  generatrix 

8  lope 


exit  edge.  Let  us  draw  the  lower  3ection  of  the  contour  in  direct  proximity 
to  the  ^ound  surface.  We  position  the  vertical  boundaries  far  from  the 
no/.ile  cut-off,  where  tin-  perturbing  action  of  the  jets  can  be  neglected 
and  where  we  can  assume  the  pressure  at  these  contour  sections  to  be 
constant  and  equal  to  pg  and  p^ 

Let  ua  project  onto  the  axis  parallt.1  to  tne  ground  surface  the  forces 
acting  on  the  isolated  contour.  The  equation  of  momentum  for  this  contour 
is 

■  „  b 

-(I  -  sm<p)j  f>t '\db,-\  p,(h  t  6 sin  v)  —  sin qt  J pk dbM  —  pji  =  0.  (57) 

u  u 

With  reference  to  Eq.  (‘y  )  relating  velocity  v^  with  pressure  p  , 
we  can  represent  Eq.  (;;7)  in  the  form 

*  » 

£i_  JU,  _  2<!  •  |  W  sin  «f>  |-  r  /  Vg  \J] 

rfT  "  J '  '«■; )  db> +  J  | 1  -  (if)  J 

2  °  °  (58) 

where  vx/v^  id  toe  velocity  ratio  ut  the  no/.:le  cut-off,  determined  by 

(49). 

The  integral  appearing  in  Eq.  (‘yd)  i3 


?( 


1  4 


ii  n  <j. 


dbt- 


Inserting  the  value  of  this  integral  in  •>  Eq.  (^>8)  und  transforming  it, 
we  get 

Pt  ~  Ph 
2 

Thia  equation  correaponas  to  the  earlier  derived  Eq.  (^6)  expressing 
the  air  cushion  pressure  inefficient  for  a  nozzle  with  normal  cut-off. 

The  air  cushion  pressure  coefficient  p  as  functions  of  variation  in 
geometrical  parameters  of  a  nozzle  installation  is  shown  in  Pig.  92.  The 
functions  simultaneously  express  the  pressure  field  at  the  no/.zle  cut-off 
in  generalized  form.  Each  point  lying  on  these  curves  specifies  the  *»rc“S8 
pressure  at  the  exit  edge  of  the  inner  nozzle  wall  or,  which  amounts  to 
the  same  thing,  the  excess  pressure  in  the  air  cushion.  The  section  of 
the  curve  lying  in  the  region  from  0  to  the  sel«.  ctea  b/h  valua  characterizes 
the  pressure  field  in  the  cut-off  plane  for  all  nozzles  with  the  selected 
values  of  parameters  b/h  and  <P .  As  we  can  see,  an  increase  in  the  angle 
pleads  to  a  marked  rise  in  the  air  cushion  pressure  coefficient. 

Discharge  coefficient  of  nozzle  installation.  For  the  case  of 
discharge  from  a  large  volume  when  pressure  p*  at  th«-  outer  side  of  the 
jet  ia  equal  to  the  pressure  p$  at  its  inner  side,  and  the  friction  of 
the  flow  against  the  nozzle  wal’  is  absent,  the  discharge  of  air  through 
a  nozzle  with  a  smooth  entry  section  is 


Q  -  Fv  --  F  y  *'  (Po  -  pj . 


The  difference  p^  -  pH  is  the  drop  in  total  pressures  between  the  re¬ 
ceiver  into  which  the  nozzle  is  built,  and  the  surrounding  atmosphere. 

The  velocity  v  in  this  case  is  uniformly  distributed  over  the  nozzle 
cross-section  and  is  the  mean  velocity  of  the  jet  at  its  exit. 

Approximately  the  same  discharge  conditions  are  observed  for  the  nozzle 
installation  Vn  the  case  of  free  —  not  confined  with  a  shield  —  exit 
of  jet  from  its  nozzles  which  have  a  small  width  compared  to  the  overall 
width  of  the  nozzle  installation.  The  "thin"  jets  exiting  from  this  kind 
of  installation  during  their  travel,  on  being  unable  to  merge  into  a  single 
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common  jet,  trail  off  to  the  surrounding  space.  Because  of  this,  the 
pressure  in  the  volume  enclosed  by  the  jets  and  in  the  atmosphere  is 
approximately  the  same  (p^  -  p^  ). 

The  presence  of  a  shield  along  tns  jet  travel  path  causes  the  appearance 
of  the  pressure  difference  p^  -  p*  between  the  inner  apace  enclosed  by  the 
jets  and  the  external  atmosphere  surrounding  the  jets.  This  difference  is 
responsible  for  the  uneven  distribution  of  velocity  at  the  nozzle  exits. 

The  mean  velocity  v^,  of  discharge  differs  from  the  velocity  v*  by  a 
greater  amount,  the  greater  the  difference  in  the  pressures  pa  -  p#  .  In 
this  case  the  minimum  discharge  velocity  occurring  near  the  inner  wall  of 
a  nozzle  is 

v*= y  j(po-p,), 

and  the  maximum  discharge  velocity  —  ne<.r  the  outer  wall  isi 

‘•-= 

An  increase  in  the  excess  pressure  in  the  air  cushion  reduces  the 
volume  flow  of  air  exiting  from  the  nozzle  installation. 

The  volume  flow  of  air  when  there  is  a  uniform  velocity  field  at  the 
nozzle  cut-off  is 


Let  us  denote  the  ratio  of  the  mean  velocity  to  the  maximum  velocity 
by  vsp/vM  m  oc  and  let  us  represent  the  volume  flow  of  air  when  there  is 
uneven  velocity  distribution  at  the  nozzle  cut-off  in  the  form 

QH-f  v,p  =  aFvm  =  aFyr~-  (pt  —  pm)  • 

Dividing  the  left  antf  right  sides  of  Eq.  (60)  by  the  corresponding 
sides  of  Eq.  (59),  we  get  >r.  expression  for  determining  the  discharge 
coefficient  of  the  nozzle  in  the  conditions  when  a  shield  has  an  effect, 
[illegible]. 

The  discharge  coefficient  for  a  nozzle  in'  the  case  of  uneven  velocity 
distribution  in  the  cut-off  plane  caused  by  the  presence  of  a  shield  along 
the  jet  travel  path  is 


L  I  W  Jb, 

_  <?„  _ 

QP  bLv „ 


to* 


Integrating  thi.3  expression,  we  fina 
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i_(i -  »«•») 
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(61) 


For  the  case  </  -  0,  the  discharge  coefficient  of  a  nozzle  with  normal 
cut-off  is 

a=|(i  _*'*).  (62) 


The  sclume  flow  of  air  passing  through  the  nozzle  is 

Q  =aF  j/~-(p.-pJ. 


wherv  F  =  bL  is  the  nozzle  exit  are... 

The  variation  in  the  discharge  coefficient  OC  for  a  plane  nozzle  as 
theoretical  functions  of  parameter  t>/h  for  different  slopes  <p ,  based  on 
Eqa.  (61)  and  (62),  are  3hown  in  Fig.  A3  we  can  see,  an  increase  in 

the  angle  d>  leads  to  a  marked  reduction  in  the  discharge  coefficient, 
while  the  degree  of  decrease  becomes  the  greater,  the  shorter  the  distance 
h  between  the  nozzle  ana  the  groum  surface,  that  is,  the  greater  the 
parameter  b/h. 

Drag  coefficient  of  nozzle  installation.  By  the  aerodynamic  drag  of 
a  nozzle  installation  we  will  mean  the  total  pressure  losses  associated 
with  the  entrance  of  air  from  the  receiver  into  the  nozzle,  flow  in  the 
flow-through  section,  and  exiting  into  the  surrounding  atmosphere.  These 
losses  can  be  characterized  by  the  local  drag  coefficient  £  ,  which  is 
the  ratio  of  the  total  pressure  expended  in  producing  the  jet  streaming 
over  the  shield  to  the  dynamic  pressure  of  the  jet  determined  from  the 
mean  velocity  vCp  of  the  air  in  the  nozzle  exit,  that  is, 
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Fig.  9i ,  Discharge  coefficient  of  nozzle  with 
normal  cut-off  a3  a  function  of  parameter  b/h  for 
various  values  <p  of  generatrix  slope 


o  0,2  Of  of  of  if  if  ,f  a  — 

*  _  ’  A  _ 

Fig.  94.  Drag  coefficient  of  nozzle  with  normal 
cut-off  as  a  function  of  parameter  b/h  for  various 
angles  p  of  generatrix  slope 
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In  the  case  of  an  ideal  flow  when  local  pressure  losses  at  the 
entrance  into  the  nozzle  and  losses  due  to  friction  of  the  air  stream 
against  the  nozzle  walls  are  absent,  we  have 


Fig.  9t>.  For  calculating  aerodynamic 
characteristics  of  air  cushion  produced 
by  jet  editing  from  a  nozzle  with  oblique 
cu  t-of f 


In  accordance 
the  nozzleQ^  aQp 


with  Ec^.  (CO) ,  tn»  volume  flow  of  air  passing  through 
-  ai,i|  l  ip.  -  Wi therefor. 


(63) 


As  the  function  of 
we  ha  ve 


the  geooetric.il  parameters  of  a  nozzle  installation, 


(h  h)2 

h 


(i . 


(64) 


The  function  { 
shown  in  Fig.  94. 


f(b/n,  f)  or  a  plane  nozzle  based  on  Eq.  (64)  in 


10.  Nozzle  Installation  With  Oblique  Nozzle  Jut-off 

Let  us  examine  air  flow  in  a  no.,  n  installation  /itri  oblique  nozzle 
cut-off  when  the  nozzle  exit  edges  lyin*  in  a  plane  £ '.  the  angle  ^to  the 
normal  no. zle  cross-section  (Fig.  9d).  For  this  case  the  pressure  gradient 
in  the  jet  in  the  nozzle  cut-off  plan,  u 

dp  ('lJcnsV<!  '  'KM) 
dxf  h  sin  (9  —  9) 


or,  since  dp  »  -  pvav, 


dv  k ostfO  »  sin  4) 

~d if  "  h  •  if  sin  (4  —.9) 
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After  separation  of  variables,  we  get 


—  (I  -f  sin  (p)  cos  ip  j 
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dxf 
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After  integrating  and  the  required  transformations  with  reference  to 
b/cos  Tff ,  we  get 


_  +  fl  cot  1 

[l  -f-  **  b  sin  (f  —  $)] 
l  h  cos  ^  J 


(65) 


The  function  (65)  characterizing  the  velocity  distribution  in  the 
exit  plane  of  a  nozzle  with  oblique  cut-off  can  be  represented  also  as 

_  iwtitufitot* .  r.4.1*  * 

__  tin  (f-Vl  (i  *  t0»V  J 

Vh 

Using  the  above-presented  definitions  and  methods,  the  aerodynamic 
characteristics  of  a  nozzle  installation  with  oblique  nozzle  cut-off  can 
be  expressed  by  the  following  foiuiulas. 

The  pressure  field  in  the  nozzle  exit  is 


or 


_2  ill  *-w  <>  Cl«  v 
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(66) 
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The  air  cushion  pressure  coefficient,  given  the  condition  p^  ■  p^  and 
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The  discharge  coefficient  of  a  nozzle  in  terms  of  its  exit  area  is 
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(69) 


The  nozzle  drag  coefficient^  is  associated  with  the  discharge 
coefficient  cx  by  Eq .  (o}). 

For  Y'  Of  when  the  nozzle  cut-off  plant  coincides  with  tne  plane 
that  is  normal  to  the  generatrix,  Ku s .  (6‘  ),  (bb),  (67)  and  (69)  are 
transformed  into  expressions  determining  the  corresponding  aerodynamic 
characteristics  of  a  nozzle  installation  with  normal  nozzle  cut-off. 

As  the  angle  ^  is  increased,  the  in-lination  cf  the  nozzle  cut-offs 
with  respect  to  the  plane  of  the  bottom  of  the  nozzle  installation 
decreases,  and  when  y  =  <py  the  noz.  .•  :i  tallation  with  oblique  nozzle 
c  it-off  is  converted  into  a  no.  zie  11*..  lailat  ion  with  horizontal  nozzle 
cut-off  in  which  th  exits  lie  in  tne  plane  of  the  bottom.  However, 
when  y  =  <p ,  tne  quantity  sin  -  y)  0  and  Eas.  (69),  (66),  (67),  and 

(69)  become  meaningless,  since  tin-  fun  tion3  v  /vM  »  f  (y^),  vjv  __  1 
Pj—  Pm  c  Z  ,  .  X  '  •  * 


2 


/:<T).  P  I jl'l 


1  ,  ana  cx=  (y)  have  an  apparent  discontinuity. 


Actually,  these  functions,  as  X/^y,  tend  to  their  limit  and  are  continuous 
functions  also  at  the  point  Bin  [<f~y)  =  0.  This  factor  must  be  borne 
in  mind  when  determining  the  aerodynamic  characteristics  of  a  nozzle 
installation  with  horizontal  nozzle  cut-off. 


Fig.  96.  Effect  of  nozzle 
cut-off  angle  Y  on  velocity 
field  profile  in  exit  {<?  -  4t>°) 

p.  -p-, 


Fig.  97-  Effect  of  nozzle 
cut-off  angle  Y  on  Pr°ffie 
static  pressure  field  in  exit 

45°) 


The  effect  of  the  nozzle  cut-off  angle  Y on  the  profile  of  the 
velocity  field  a/xi  t,he  profile  of  the  static  pressure  field  in  the 
exit  is  .?hown  in  Figs.  96  and  97.  respectively.  These  fields  were  plotted, 
respectively,  by  Eqs.  (6^ )  and  (66)  for  a  constant  angle  of  nozzle 
generatrix  inclination  <p-  45°.  In  Fig.  96  we  see  that  the  angle  Y strongly 
affects  the  profile  of  the  velocity  field  for  small  elevations  of  the 
nozzle  installation  above  the  support  surface  (for  large  values  of  the 
parameter  b/h).  As  the  elevation  h  is  increased,  this  effect  is  weakened, 
and  when  b/h  0.2,  that  is,  when  the  nozzle  is  at  an  elevation  that  is 
equal  to  five  times  its  exit  width,  the  effect  of  the  nozzle  cut-off  angle 
Y  practically  disappears.  The  angle  ^ of  nozzle  cut-off  also  similarly 
affects  the  profile  of  the  static  pressure  field  in  the  nozzle  exit 


Fig.  101.  For  calculating 
aerodynamic  characteristics  of 
air  cushion  produced  by  jet 
exiting  from  nozzle  with 
horizontal  cut-off 


The  results  of  determining  the  effect  of  the  angle  \jf  on  the  air 
cushion  pressure  coefficient,  discharge  coefficient,  and  drag  coefficient 
of  a  nozzle  installation  with  oblique  nozzle  cut-off  are  shown  in 
Figs.  9h“'|00,  respectively.  These  functions  were  plotted  according  to 
Eqs.  (6b),  (69),  and  (63),  respectively.  As  we  can  see,  an  increase  in 
the  angle  pleads  to  a  marked  increase  in  the  pressure  coefficient  p,  a 


reduction  in  the  discharge  coefficient  GC,  and  an  increase  in  the  drag 
coefficient  £  . 


II.  Nozzle  Installation  With  Horizontal  Nozzle  Cut-off 

Let  us  find  the  aerodynamic  characteristics  of  a  nozzle  installation 
with  horizontal  nozzle  cut-off.  The  pattern  of  air  discharge  from  this 
installation  and  the  symbols  adopted  are  shown  in  Fig.  101.  If  we  examine 
this  nozzle  installation  as  a  plane  device,  the  pressure  gradient  is 

dp  j<.Jcosif  (I  i-  sin  •0 
i h 

Using  the  Bernoulli  equation  dp  *  -^)vdv  expressing  in  differential 
form  the  constancy  of  the  total  pressure  at  each  jetlet  in  the  nozzle 
cut-off  plane,  we  get 

_  v  cos ( I  •  Mil  if) 
d.\t  h 


1% 


Lr  t  ua  determini'  the  velocity  fields  m  the  nor.ule  exit,  by  solving 
thia  differential  equution.  We  can  write 


-  (»  •*  mil,) cos ,,  f  | 


und,  therefore 


( I  •  s  l:  <j )  cos  i| 


Jin  re  tin  no.  .Me  exit  width  it  tne  plane  ol  n  /./.le  cut-off  x ^  -  b/cos^ 
riq  .  (70)  can  be  represented  as 


(1  •  11  n  j  1  r>% 


Ann  l/Tiing  to  tne  ins  tuntam-ou.,  :uor :  mute  <.  <p  different  values  within 
tne  limits  from  x  ^  -  0  tr  in:  unit,,:  tnis  formula,  it  i3  not 

difficult  to  plot  the  vc  ioci  ty  fie.  „r.  Mr  nor.  it  cut-off  plane  as  a 
function  of  parameter  c,  a  an:  tne  in,  .*  <p  <  i  generatrix  inclination  to 
the  no.  /.]<•  axis.  Wnen  x^  • 


-  (!  •  1  n  <;) 


hq.  ( 7 )  allows  us  to  ai  rui.it*-  M  e  »•.  lot  i  ty  Vg  of  a  jetlct  travelling 
from  the  inner  cage  cl'  tne  1.  it  tt.  t  und  ary  with  tne  air  cushion. 

The  pressure  field  lr  tne  noc/.l.  ..t-off  ;  lane  i 


r  1  r, 
Po  r. 


<  :• )’ 


1  <J 

• - — -  (1  -t  »i n  <J  > 

e  '•  *  .  (73) 


The  ur  ct’uhion  pr«*s  :ure  -  '.1  ■  1  .. 


(1  t  Jin  *) 
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The  discharge  coefficient  of  the  pl^uie  no:  r.le  given  iu  terms  of  its 
1  xit  area  is 


L  C0»n  j  Vtdx^  »/C0»»  is.  u  +  »lnfl  col* 

o  _ _  cos?  [  e  h  i 

b  Lv„  ~  b  J 


-  —  (1 +  »!»») 

I  -  C  * _ 

M(l  •  sin  <r) 


The  discharge  coefficient  of  the  annular  nozzle  is 


j  j  ?.vw,  cos<r  dr  2jui*  cos  <f  j  re  "  * 


4-  + 


«  ('*,  -  '1)  u-  “** 


Since 


j  re  * 


f  -f  5 

__2 - L  4|  *  „n*> 

t  -f  h 


('*  -  '.H 

-(I  SIMS) 


t-  \rArH-r.) 


—  -  -  (I  *•  »in  «-) 

('*  ~  r.): _  1  ~  t  h _ 

j|l-:  MM)  ”(l  ?  slnf) 
b  D„ 

— - ~  H  r  -  JS. 

cos  s  2 


£q.  (7b),  after  uncomplicated  transformations,  will  become 


°«  i  /  b  \ 

(I  sin  •!)  \««T  -  gjj-  J 


(I  -f  sin  S)  (cos  S - j  J  X*1  T  sm<f) 


coss  l 


cosT-  -D~ 


- —  (I  -»  >m  vl 

I  -t  h 

b 


Introducing  the  notation  b/D*  =  b  and  b/D/y  *  h,  we  obtain  a  formula 
for  determining  the  discharge  coefficient  of  an  annular  nozzle  with 
reference  to  axial  symmetry: 


l.’H'  .>:•< 


I  if;U!j  lr.  air 


relating  the  dischurge  coefficient  of  the  annular  nozzle  with  the  dischargr 
coefficient  of  a  plane  nozzle. 

The  volume  flow  of  uir  in  an  annular  no./.le  with  angle  of  generatrix 
inclination^  and  with  exit  edge:;  lying  in  the  same  plane  with  the  nozzle 
bottom  in  _  _ 

V  l 

where: 

F  -  Fc  cos  (j  n  (/■’  —  r\)  cos  ,  F,  is  the  nozzle  exit  area  in  the  cut-off  plane. 
The  drag  coefficient  of  a  plane  nozzle  installation  is 
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The  theoretical  velocity  fields  in  an  air  jet  as  it  exits  from  nozzles 
■«ith  horizontal  cut-off  and  witii  angle  of  generatrix  inclination  (P  »  0,  20, 
49,  and  t>0°  for  different  values  of  the  parameter  b/h  are  shown  in 
dimensionless  form  in  Fig.  102.  These  velocity  fields  were  plotted  by 
ilq.  (71).  By  comparing  the  curves  in  Fig.  102  with  those  shown  in  Pig.  90, 
we  can  see  that  the  general  pattern  of  variation  in  the  velocity  profile 
as  a  function  of  parameter  b/h  and  <p  for  a  nozzle  with  horizontal  cut-off 
remains  tne  same  as  for  a  nozzle  with  normal  cut-off.  The  only  difference 
is  that  for  the  same  b/h  and  y  values,  the  nozzles  with  horizontal  cut-off 
have  a  lesser  nonuniformity  of  velocity  distribution  in  the  nozzle  exit. 

Using  £q.  (72),  we  can  readily  find  the  effect  of  the  angle  of 
inclination  <p  on  the  velocity  distribution  in  the  air  jet  at  the  nozzle 
cut-off.  Fig,  '02  shows  the  dependence  of  v^/v*  on  the  parameter  b/h 
for  nozzles  with  angle  of  generatrix  inclination  jP  =  0,  20,  45>  60,  and  90°. 
As  we  can  see,  for  a  nozzle  with  contant  relative  exit  width  b/h,  the 
relative  velocity  v^/v„  at  a  point  with  coordinate  x^,  ■  b^/cosjp  decreases 

with  increuse  in  the  angle  of  inclination  ,  anu  the  nonuniformity  of 
velocitic‘3  distribution  at  the  nozzle  cut-off  correspondingly  rises.  It 
must  be  noted  that  </>  =  90°,  rlq.  (72)  becomes  meaningless,  since  in  this 
case  the  nozzleexit  width  x^  =  £>a 

The  theoretical  velocity  field  in  the  air  jet  in  the  nozzle  cut-off 
plane  plotted  by  rlq .  (72)  us  tne  dependence  of  the  relative  velocity 
v#/vw  on  the  generalizing  parameter  b/h  (l  +  sin  f>)  is  shown  in  Pig.  104. 

By  means  of  the  generalizing  parameter,  it  appears  possible  to  characterize 
the  entire  diversity  of  the  velocity  fields  in  the  jot  at  the  nozzle  cut¬ 
off  determined  by  its  exit  width  b,  height  h  of  nozzle  position  relative 
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Fig.  0‘  .  Hi**'  :••  ‘  i  1 1  -.••  i  • .,  :  i *  .-nr  an  air 
jet  at  no.  ..ii  n;  t-  f  f  >  ■  fun-  *  ion  *1  parameter 

b,  r  lor  v  i ;  :  .  m.\  -  ,  v  no  ra trix  slope 
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h 


fit','  Oh .  Tr.e  r*  ti  »  .  ity  !  ield  in  jet 

at  nor.,  :ut-iil  a.  :  .r.  ^  .  :  fn  nera]  icing 

parane*'  r  r  ♦  an  /’ ; 


to  the  gTounu  surfsc<  ,  ana  an,i 
generatrix  to  the  no  i • 
for  a  nozzle  vith  an  cm* 
jP  =■  30r,  and  tn*.  d^sta. 
velocity  of  the  bounain  • 1*  * 
nozzle  va  =  O/jbv*  ,  since 


:r.  .  untior.  of  tne  no  vole 
rv-  Tnur. ,  for  example, 
d  inclination 
ic  • '  a  surface,  the  air 
inner  edge  of  the 


The  velocity  field  in  tn*  n  .  ut-.)ff  pi  c.  in  this  case  is 
characterized  by  the  section  ■  >:  tn-  . rvtri  ;  i;.  wi thir.  the  limits 
b/h(  1  +  ain^p)  =  0-0.6.  for  all  t:  ■  >1  .  s.  t,  <p,  and  h,  a  combination 

of  wnich  makes  tne  parnmet^r  r/r.  (  *  u.  y  )  ,  tne  velocity  field  will 

be  similar  to  that  founi  ir  t.ni 


The  theoretical  pressure  fielda  in  the  uir  jet  as  it  exits  from  a 
nozzle  with  an  angle  of  /generatrix  inclination^  -  0,  30,  4 1?*  and  60° 
for  different  values  of  parameter  b/h  are  shown  in  dimensionless  form  in 
Fig.  105.  These  fields  were  plotted  by  Eq.  (72)*  For  a  nozzle  with 
horizontal  cut-off,  just  as  for  a  no/.zle  with  normal  cut-off,  the  profile 
of  tlx;  pressure  field  faces  the  ground  surface  with  its  convexity.  As 
the  distance  h  is  decreased  (by  a  reduction  in  the  parameter  b/h),  the 
excess  pressure  in  the  nozzle  cut-off  plane  becomes  less. 

The  variation  in  the  relative  excess  pressure  "  p*)Ap0  '  p#)  - 

(p#  “  P//V( /2)  ir.  the  nozzle  cut-off  plane,  as  a  function  of  the 

ratio  b/h  for  different  angles  is  3hown  in  Fig.  106.  These  curves  • 
plotted  by  Eq.  (74)  consist  of  the  dependences  of  the  air  cushion  pressure 
coefficient  p  on  the  geometric  parameters  of  the  nozzle  installation  and 
simultaneously  expressed  in  generalized  form  the  pressure  field  at  the 
nozzle  cut-off.  Each  point  lying  on  these  curves  determines  the  excess 
pressure  at  the  exit  edge  of  the  inner  wall  of  the  nozzle  or,  which  amounts 
to  the  name  thing,  the  excess  pressure  in  the  air  cushion.  The  reflection 

of  the  curve  lying  in  the  range  from  0  to  the  reflected  b/h  value  charac¬ 

terizes  the  pressure  field  in  the  cut-off  plant  for  all  nozzles  with 
selected  values  of  the  parameters  b/h  and  . 

As  we  can  see,  an  increase  in  the  angle  p  lead3  to  a  marked  increase 

in  the  pressure  and  the  nozzle  cut-off  plane.  Here,  even  when  f>  -  90°, 

Eq.  (74)  becomes  meaningless,  since  at  this  angle  the  nozzle  exit  width 

“  0°‘ 

Theoretical  pressure  fields  in  a  jet  as  it  exits  from  a  nozzle,  on 
analogy  with  pressure  fields,  can  be  expressed  in  terms  of  the  generalizing 
parameter  b/h (  1  +  sinf>).  The  dependence  of  the  distribution  of  relative 
pressure  in  the  jet  in  the  nozzle  cut-off  plane  on  this  parameter,  plotted 
by  Eq.  (74),  is  shown  in  Fig.  107,  from  which  it  is  not  difficult  to 
determine  the  excess  pressure  at  any  point  lying  in  the  plane  of  nozzle 
cut-off.  For  example,  for  a  nozzle  with  b  =  0.1  m,  30°,  and  h  ■  0.25  m. 
the  excess  pressure  at  the  exit  edge  of  the  inner  yall  ■  0.7(fv2/2), 

since  the  generalizing  parameter  b/h ( 1  +  sin  p)  takes  on  the  value  0.6. 

The  pressure  field  in  this  case  is  characterized  by  the  section  of  the 
curve  within  the  limits  b/h ( 1  +  sin^)  *>  0-0.6. 

Changes  in  the  pressure  coefficient  p  of  the  air  cushion  as  functions 
of  the  relative  elevation  h/D#  of  the  nozzle  installation  above  the 
ground  surface  for  different  relative  nozzle  exit  widths  and  for  the 
generatrix  angles  of  inclination  4)  =  0  and  45°  are  presented  in  Figs.  108 
and  109,  respectively.  These  functions  were  plotted  by  the  equation 

/  fJU 

:  ,i  .  1,-Tjr  "  1 

P  —  I  <’  I  f 


■19 


« 


Pig.  07.  Theoretical  3tatic  pressure  fields  in 
air  jet  at  nozzle  cut-off  as  a  function  of 

generalizing  parameter  b/h  ('  ♦  sin^?) 


Fig.  00.  Pressure  coefficient  of  air  cushion  of 
unnular  jet  a3  a  function  of  clearance  above  shield 
for  different  nozzle  exit  widths  and  generatrix  slope 

<p  *■  0 


Fig.  09.  Pros  u re  coefficient  of  air  cushion  of 
annular  jet  as  a  function  of  elevation  above  shield 
for  various  no.  ..le  exit  widtteand  generatrix  slope 

P  =  4^>° 
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where  D*  is  the  diameter  (width)  of  th*  r.o zzir  instal lation,  determined 
w.th  respect  tc  the  exit  edges  of  tie  cuter  wail  of  the  nozzles. 


as  we  can  see,  with  increase  in  is*  *  ievation  of  the  nozzle  installs- 
tion  above  the  ground  surface,  the  piss  urv  co.  l'ficient  p  decreases,  and 
does  so  the  more  rapidly,  the  smaller  Mu  re  alive  width  b/ of  the 
n.<zzle  exit.  By  comparing  analogous  ■•.rvej  m  Kin's.  108  and  109,  we  see 
that  an  increase  in  the  angle  of  inclination  of  the  nozzle  generatrix 


leads,  for  the  same  elev  itior.  value's, 
pressure  coefficient. 

Changes  in  the  discharge  coeffn -i 
functions  of  the  parameter  b/n,  piottc 
of  inclination  angle  (p ,  are  ores*  n tec 
increase  in  angle  <p  leads  t.  a  rrui it.  c 
where  th*  degree  of  reduction  be  r*. .  .. 
h  between  the  nozzle  and  the  ground  in. 
parameter  b/h.  The  effect  ol  vuna. a 
in  the  range  b/D*  =  0-0.'  on  th*>  ois  n 

y'  =  0  and  is  shown  m  Ki^.  *  '. 
rlq .  (77),  the  effect  of  the  pa  ram*  i  r 

other  angles  of  generatrix  mciuwtr: 

Variations  in  the  disenarge  .(.*:'!' 

functions  of  the  elevation  n  : 

t>y  Kq .  (/7),  are  shown  in  Kig.  w; 

by  Sq.  (7s)  for  the  plan**  no. ..  i<  ar*  r 
the  corresponding  curves,  we  see  tnat  >. 
the  flow  weakly  affects  tne  discharge 
in  the  values  of  the  coefficients  C*. 

t. 

b/l)„  <1  0.02,  the  coefficients  o  ^  u 

air  cushion  vehicles,  the  utili  *  rmf 
width  b/D,  *  0-0.09,  while  tne  ranr* 
therefore  the  simpler  formula  { 

The  function  =  f(t/n,<?)  f  *  ; 

shown  in  rig.  1  .  The  depen.t**n  * 
elevation  h/D„  of  the  no/..  1**  instaila' 
shown  in  Pig.  114  for  differ*  :r  r-  .atr 


to  great*  r  values  of  the  air  cushion 

*  nt  0*  for  a  piano  nozzle  as  theoi'etical 

a  ;y  K*., .  i  )  for  different  values 

n  Ki,-.  .  ta  we  can  see,  an 

;u.  i  a  s  tin.  disenarge  coefficient, 

to*  gr  at*  r,  tne  smaller  the  distance 

/la  -.  ,  is,  tne  greater  the 

:.  m  tii*  .oiiuiar  nozzle  exit  width 

a , t  :  f j  i*  m  or  for  the  angles 

K. 

ii*  :  *  la:,  to  r.s  w**re  plotted  by 

. ^  i.  t:  •  value  of  rT  also  for 

K 

:  •  •  :  .  »Jly  1  ini  ted  . 

■  rv,  !  an  annular  nozzle  as 

r. 

ill'T"*.t  •  •.it  widths  b /Dh  ,  plotted 
•!•*•  t:  analogous  functions  determined 
iven  w:*r,  lasneu  lines.  By  comparing 
u lowing  lor  the  axisymmetricity  of 
effi  i  •  *  r . :  .  Tne  re  is  some  difference 
x r.vi  O  vii.'ii  o/  )>  0.0 2.  When 

a,.  »r  r.«  ti  ally  the  same.  For  • 
r. 

•  of  valu*  the  nozzle  exit 

m*  pars:..** ter  b/h  =  0. 2-1.0, 

..  u  :  practical  calculations. 

iM'  '  ,  z!  plotted  by  tlq.  (76)  is 

■  •  t  i  i  i**nt  C  on  the  relative 

l:  r  .  v*  th*  ground  surface  is 
.'*  .*  .*  **xit  widths  b/D„  . 


2.  Two-Pass  Nozzle  Installation  «ito  don.  r.’i.  Noz_le  Out-off 

ivarlier  we  found  functions  tnat  enubi*-  us,  for  a  known  geometry, 
to  determine  the  aerodynani  cnara  t* nsii  s  :  a  single-pas 3  nozzle  — 
the  velocity  field  ana  the  pressun  fi  1  i:  in*  nozzle  cut-off  plane 
ind  the  air  cushion  pressure  oeffi  :i**nt,  dis  -barge  coefficient,  and 
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Fig.  ’  Drag  coefficient  of  flat  nozzle  as  a 
function  of  parameter  b/h  for  various  angles  Q>  of 
generatrix  slope 


Fig.  .4.  ilrag  coefficient  of  flat  nozzle  as  a 
function  of  relative  clearance  above  shield  for 
several  relative  nozzle  exit  widths  and  generatrix 
slope  <p  =  4b° 


drag  coefficient  as  functions  of  tn-  *  o  vation  of  the  nozzle  above  this 
support  surface.  Thus,  for  a  single-pass  nozzle  with  horizontal  cut-off 
of  the  exit  edges,  for  known  b,  <p ,  and  h,  tin-  relative  air  velocity  at  a 
point  in  question  in  the  nozzle  cut-off  plant  is 
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while  the  relative  excess  pressure  is 
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Fig.  1 1 S  Arrangement  of  no/., -.Its  in  two-pass 
noz/.le  installation 


Fig.  1*6.  Scheme  of  two-pass  Fig.  117-  Streaming  of  two- 

jet  form  from  a  single-jet  pass  jet  over  shield 


For  the  case  when  the  coordinate  of  the  point  in  question  coincides 
with  the  coordinate  of  the  inner  edge  of  the  nozzle  exit  (x^  -  x^),  the 
excess  pressure  at  this  point  is  the  excess  pressure  in  the  boundary 
jetlet  travelling  from  the  inner  edge  of  the  nozzle.  This  excess  pressure 
propagates  in  the  space  bounded  from  above  by  the  bottom  of  the  nozzle 
installation,  from  bene  th  by  the  ground  surface,  and  from  'the  sides  by 
the  air  jets,  and  constitutes  the  excess  pressure  in  the  air  cushion. 

In  this  case  the  drag  coefficient  is  determined  by  Eq.  (78),  the  air 
cushion  pressure  coefficient  is 


P  = 


(I  tin  *) 


while  the  discharge  coefficient  is 


(81) 
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(82) 


If  we  know  the  total  pressure  H  in  the  air  stream  ahead  of  the 

c  2 

nozzle  installation,  equal  to  the  dynamic  pressure  p  v  /2,  then  by  using 
fclqa .  (b}),  (81),  and  (82)  we  can  determine  the  excess  pressure  in  the 
air  cushion  p^  -  p„  and  the  volume  flow  of  air  ^  in  the  jet  exiting 
from  th«  nozzle. 

Let  us  determine  the  aerodynamic  characteristics  of  a  two-pass  nozzle 
installation  with  horizontal  nozzle  cut-off  (Fig.  I'd).  Let  ua  mentally 
araw  in  the  jet  of  the  single-pass  nozzle  installation  a  surface  along 
the  streamline  through  point  '  (Fig.  1 1 6 )  anu  let  us  divide  the  jet  and 
the  exit  section  of  the  nozzle  with  this  surface  into  two  parts.  Let  U3 
shift  the  left  part  of  the  jet  and  thi  nozzle  section  relating  to  it  to 
<>ne  side  in  the  horizontal  direction  anu  thus  let  us  form  two  jets  with 
their  own  nozzles  and  bottom  section  line  between  these  nozzles,  that  is, 
let  us  form  u  two-pass  nozzle  installation  (Fig.  117). 

We  will  assume,  as  inctr.e  case  of  the  single-pass  nozzle,  that  an 
invisccd  and  incompressible  fluid  is  trough t  to  the  nozzles  and,  therefore, 
we  can  neglect  the  effect  of  circulation  currents  in  the  space  between 
these  jets.  Given  this  assumption,  the  excess  pressure  both  at  points  1 
and  I1,  as  well  as  over  the  entire  section  of  the  bottom  between  tne  given 
points,  will  be  identical  ana  equal  to  the  excess  pressure  produced  by 
the  external  air  jet,  while  the  excess  pressure  in  the  section  of  the 
Bottom  bounded  by  the  internal  noz  will  be  determined  by  the  overall 
reaction  effect  of  two  jets  —  external  and  internal.  This  action  of 
two  jets  can  be  replaced  by  the  reaction  effect  of  a  single  jet  exiting 
from  a  no..zle  and  with  a  width  equal  to  the  total  width  of  the  external 
and  internal  nozzles. 

Calculating  a  nozzle  installation  wh>  n  <p  =  -  p  and  Z^h  =  0.  The 

coefficients  of  drag,  pressure,  and  discharge  of  a  plune  two-pass  nozzle 
installation  with  identical  angles  of  generatrix  inclination  of  the 
external  and  internal  nozzles  p  =  f .  =  p  can  be  determined,  respectively, 

by  tk}3.  (to),  (61),  and  (82)  with  reference  to  the  new  geometry  of  the 
nozzle  installation.  The  ctcfficLn:  of  air  cushion  pressure  for  the 
action  of  the  bottom  o<  tween  tn*  outer  anu  inner  nozzles  is 

ht 

< l  •  Jin 


—  e 


Fig.  1  ’S.  Scheme  for  reducing  the 
air  cushion  pressure  for  different 
angles  of  generatrix  inclination  of 
the  external  and  internal  nozzles 


The  total  discharge  coefficient  of  a  two-pass  nozzle  installation, 
given  with  respect  to  the  overall  exit  areas  of  the  external  and  internal 
nozzles,  is 


_  h±Zl-  (l+.in*) 

-*  _ .  (83) 

+  SllHf) 
ft 


The  discharge  coefficient  of  the  external  nozzle,  with  respect  to 
its  exit  area,  is 


<*i 


-  -41-  U  *  »*n  v) 
I  -  e  h 


btlh  (I  r  sm  <»> 


(84) 


The  discharge  coefficient  of  the  internal  nozzle,  given  with  respect 
to  its  exit  area,  is 


a.  —  a  +-  (a  —  a,)-~-.  (®*>) 

Kqs.  (8j)  -  (8^)  are  real  for  a  plane  nozzle  installation  in  which 
both  the  generatrix  slopes  of  the  external  and  internal  nozzles  as  well 
as  the  length  of  their  nozzle  slits  are  identical. 


'27 


The  total  drag  coeffi  ient  of  a  two-pas  no.  ..It*  installation  v  th 
reaped  to  the  oven  11  exit  ar^.  of  the  external  and  internal  nor  lea 

(  -  '/a  • 

Calculating  a  no  1*  installation  wh*n  <p  /  <p  and  h  «.  0.  Let  ua 

examine  the  case  of  the  more  complex  ^yeometry  of  a  nozzle  installation 
when  both  the  nozzle  generatrix  slopes  and  the  length  of  the  nozzle  slits 
ure  different,  and  the  nozzle  cut-off  lie  in  the  same  plane  (Ah  «  0). 

Let  us  denote  the  generatrix  slope  of  the  external  nozzle  by  <f  and  that 

of  the  internal  nozzle  by  <p ,,,  and  the  corresponding  length  of  the  exits 

of  these  nozzles  by  11  and  1  . 

Obviously,  the  pressure  roefficient  p.  for  the  external  nozzle  doe3 

not  differ  in  any  way  from  the  coefficient  p  for  the  3ingl e-pass  nozzle 
and  by  zq .  (8’  )  is 

^l 

.  •  I  ■  'i  n  7  ,  > 

/>.  I  *  (86) 


Th--  determination  of  the  coeffi  ient  p.  directly  by  Kq.  (81)  does  not 

yield  the  correct  result,  nine*  in  th«  transition  from  the  external  nozzle 
to  the  internal,  owing  to  the  chungt  in  the  angle  <p ,  by  <p  ^  for  the  same 

values  of  b  1  and  h,  tne  function  (6‘  )  gives  different  values  of  p  for  the 

points  1  and  1',  tnat  is,  different  pressures  in  the  air  cushion  formed 
by  the  external  and  internal  jets,  wnich  is  physically  impossible. 


For  a  unique  solution  tc  the  problem,  let  us  reduce  the  pressure  in 
the  air  cushion  formed  by  the  internal  noz.ih  to  the  pressure  formed  by 
the  external  nozzle,  by  introducing  the  fictitious  exit  width  of  the 
internal  nozzle.  For  the  adopted  values  of  b.,  h,  and  Cp 1  the  pressure 

coefficient  p,  at  point  *  an  be  cct«*rmireu  oy  Lq.  (86).  The  same 

I 

pressure  coefficient  p  can  r.«  r.utair.'  •  also  for  a  nozzle  with  a  generatrix 

4- 

slope  (p  if  we  ma*te  tne  nozzle  exit  widtn  equal  to  b^p  .  In  this  case 


II  •  »ir:  <s,) 


I’: 


(87) 


By  equating  the  right  aides  of  mqs .  (8b)  and  (87),  we  get 
b,(l  +  sinip.j)  -  b  ( 1  sin  <p^).  Then 


""  'i  i 
■sill  . 


(88) 
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Thus,  for  an  identical  elevation  h  of  the  nozzles  above  the  shield, 
the  noz  ,le  with  the  generatrix  slope  anc*  the  fictitious  exit  width 

also  gives  the  same  initial  pressure  coefficient  p1  as  does  the 

nozzle  with  the  generatrix  slope  <P 1  and  exit  width  b1 .  Ihe  method  of 

reducing  the  pressure  in  the  air  cushion  formed  by  the  internal  nozzle 
of  a  two-pass  nozzle  installation  to  the  pressure  produced  by  the  external 
nozzle  is  graphically  clarified  in  Pig.  118. 

A  curve  plotted  along  points  p^ ,  p^,  and  p^  characterizes  the 

variation  in  pressure  in  the  cut-off  plane  of  the  external  and  internal 
nozzles  with  identical  angles  f y  of  generatrix  inclination  and  identical 

exit  widths  b,  and  b^. 

The  curve  plotted  along  points  pM,  p.j ,  and  pJJ  characterize  the 

pressure  variation  in  the  cut-off  plane  of  the  external  and  internal 
nozzles  that  have  identical  angles  <p ,  of  generatrix  inclination  and 

identical  exit  widths  b,  and  b^. 

The  curve  plotted  a ling  points  p4,  p1 ,  and  p2  characterizes  pressure 
variation  in  the  cut-off  -  lane  of  nozzles  with  angle  of  inclination 
for  the  external  nozzle  ,»nd  for  the  internal  nozzle. 

Thus,  the  pressure  coefficient  for  the  section  of  the  bottom  bounded 
by  the  internal  nozzle  of  a  two-pass  nozzle  installation  iB 

p,  —  p  '  J - z -  + 

Pi  =  -Hp-  =  i  -  e  * 

P'n 
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and  with  reference  to  fckj.  (08) 


I  -t-  «tn  y, 
I  -t-  tin  «, 


6. 


(I  f  tin  «,) 


or 


(I  f  tin*, I  -I  (I  +  tln*,> 


(89) 


Let  us  determine  the  discharge  coefficients  of  a  two-pass  nozzle 
witn  different  {generatrix  slopes  and  different  noz/.le  slit  length.  The 
total  volume  flow  of  air  pausing  through  the  two~pas3  nozzle  installation 
in  equal  to  the  volume  flows  of  air  in  the  external  and  internal  nozzles, 
teat  i3,  vi  -  ti,  +  W, •  The  volume  flow  of  air  in  the  external  nozzle  ia 


r  1  /  2  Hc 
Q\  ai^i  Y  (1 


*90) 


The  discharge  coefficient  <X.  of  tne  external  nozzle  determined  on 

analog  with  the  coeffici-  nt  of  a  singi.— pass  no..zle  installation  by 
fc)q.  (6?)  i3 


I  -  c  ' 
h  (  I 


< :  •  '.n  ;  ,  1 


sin  i,  #  ) 


(91) 


Tnis  coefficient  is  related  t  tne  exit  area  of  tne  external  nozzle 

I  ,  i  ,/ 1  -  •!  ,  '•  J  . 

where  x,  is  the  exit  width  of  tn-  external  noz.  le  in  the  cut-off  plane. 

The  velum*  flow  ol'  air  in  tie  internal  nozzle  is 

V.  *7  ;  I  •  «.  •  W 

where/  {  a,/,  cos  c(  ,  t>J  \  13  Ul<“  •  y  1 1  wi0th  of  the  internal  nozzle  in 

the  cut-off  plane. 

Hy  oq .  (92)  and  with  referen  *c  to  trie  uneven  distribution  of  velocity 
in  the  nozzle  cut-off  plane,  tne  uiscnai-ge  coefficient  of  the  internal 
no.-zle  i.j 


z,  .1.  cos 


Q: 


<s :  V' 


■I 


(93) 


nftien  determining  the  discharge  o>  fficient  for  an  internal  nozzle 
with  a  generatrix  slope  differing  from  tnat  of  tne  external  nozzle,  it 
is  necessary,  as  in  the  case  when  we  were  determining  the  coefficient 
p^ ,  to  tuke  into  account  the  disparity  in  pressures  in  the  air  cushion 

for  different  generatrix  slopes  ana  for  identical  values  of  b,  and  h, 


that  i.3,  to  introduce  the  fictitious  width  b^j  into  the  velocity  equation. 

As  applied  to  this  particular  cuae,  Eq.  (79)  for  an  internal  nozzle  will 
become 


—  =  -r-  (I  +  slnip,)  cosip,  = 

vM  n 


-r  sin q>,) cos <j>j  =  2±+hs.  (i  +  smip,). 


Inserting  this  expression  for  the  velocity  into  Eq.  (93)*  integrating 
within  the  limits  from  x^,  ■  0  to  x^,  -  b^cos  f>  and  carrying  out  the 

necessary  transformations,  we  get  tv. _>  discharge  coefficient  of  the  internal 
ungle  with  respect  to  its  areai 


a,  =  e 


*>,  ..  ,  -  -r-  ('  t 

—j—  (1  r  tin  1,)  |  _  e  « 

6,/A  (I  *  tin  <p,( 


The  total  discharge  coefficient  of  the  two-pass  nozzle  installation 
with  respect  to  the  overall  exit  areas  of  the  external  and  internal 
nozzles  is 

a,F,  I  u.F. 

*m  f  —t1- 


The  total  voluce  flow  of  air  passing  through  the  two-pass  nozzle 
installation  is 


>  V  —  a  f  j/y  H.  , 


where  f  ~  f ,  t-  f ,  -  6,/,  r  b.l .. 


General  case  of  th<_  calculation  of  a  nozzle  installation  when 
<p.  /  <p ^  and  h1  /(  h^.  Let  us  consider  the  general  case  of  nozzles 

located  in  a  two-pass  nozzle  installation  when  the  internal  nozzle 
differs  from  the  external  not  only  by  the  angle  of  generatrix  -nclination 
exit  width  b  and  length  1,  but  also  by  the  height  h  relative  to  the 
principal  plane  of  the  nozzle  installation  coinciding  with  the  cut-off 
plane  of  the  external  nozzle  (of.  Pig.  Ii^)* 

Determining  the  pressure  coefficient  p1  for  an  external  nozzle  in 
this  case  does  not  differ  at  all  from  its  determination  fox  a  single-pass 


nozzle  installation.  The  coefficient  is 


~  i  *  x  *ln  f(t 

Pi  —  I  —  e  *• 


8 


Let  us  l'ind  the  ex pros  ion  lor  the  eo<  fficient  .  In  order  to 
maintain  the  condition  of  ronstancy  of  pressure  p,  bounded  by  jets  and 

the  section  of  tin*  nozzle  installation  bottom  enclosed  between  them,  and 

to  derivi  the  formula  for  :o.  fficient  p  tnat  in  structurally  similar  to 

« 

the  formula  for  the  coefficient  p.  let  us  find  the  fictitious  exit  width 

♦ 

of  uh  internal  We  can  writ*1 

b 

.  -  -  (I  •  mu  «  -  (I  *  i i n  | ) 

p,  =  1  —  e  "•  —  l  —  e  *• 


whence 

b.  _  />,  ■  1  '  *i 

7  1  h{  J  Mi)  if, 

Accordingly,  the  air  cushion  pr-Msur-  coefficient  for  the  section  of  the 
bottom  bounded  oy  ti.e  interna..  no.  of  a  two-pa  n  no  ./.le  installation 


or 


p:  I  e 


l>, 


II.  h 1  *■  ‘  ‘  ''"t,  | 

'  g,‘  I  »,  h,  1  •  .m*,’) 


i*ith  reference  to  h  =  n.  e_^h,  tic  coefficient  is 


u  •  '■  i '  i  •* ,  i  i 


P:  -  1  <’ 

where^h  in  the  distance  ai  r./-  u 
internal  ami  external  nr  !<■.  . 
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f, 


%1  n  t;  , 

iilMi,  l  ^  Ah  h, 


(99) 


>.l  beiwr-n 


c\.  t-offs  of  the 


From  rlq_.  (99)  it  k.  not  cilii'u.t  '.<  obtain  an  expression  for  the 
coefficient  p  correspond  inf  to  tie  jurtiti.  iar  cane  when  the  profile  of 

the  internal  no.:  le  differs  from  ti.  ■  Aternaa  only  by  the  exit  width  b 
and  height  h  of  tne  nozzle  cut-off  ••  lative  to  ti.e  principal  plane  of 
the  no  .le  installation.  Thus,  wrier,  (p  -  <p .  =  p  ,  tq.  (99)  will  become 


Pi  I 


■  i  -i  -i  >  |  i  •  — 1 

t>,  I  .Mi  li, 


(100) 


For  ?  case  b1  /  b^s  <p^  an<^  A*1  ■  0*  Eq»  (99)  transforms 

into  the  earlier-derived  £q.  (89)*  and  then  in  the  case  of  bg  •  0  —  into 
the  formu  or  the  single-pass  no/.zle  installation. 

The  discharge  coefficient  of  the  external  nozzle  in  the  ge  *eral  case 
of  the  placement  of  internal  nozzles  in  the  nozzle  installation  we  are 
considering,  that  is,  when  /  b  fP ,  /  1 ,  and  h  /  h1 ,  ia  determined 

in  the  same  way  as  for  a  single-pass  nozzle  based  on  Eq.  (91  )•  lat  us 
determine  the  discharge  coefficient  OC,  of  the  internal  nozzle  in  this 

installation  just  as  we  did  for  the  derivation  of  Eq.  (99)>  Using  Eq.  (93) 
and  Eq.  (94)  for  the  velocity  in  the  cut-off  plane  of  the  internal  nozzle, 
we  get 

-  -r-  »  -t  ►<"  *•>  I  _  “  TT  <(  +  *ln  v,) 

a.  —  e  "•  * _ 

bt/ht  1 1  -|-  sin  <pt)  > 


then,  with  reference  to  Eq.  (98)  determining  the  fictitious  exit  width 
b^,  of  the  internal  nozzle,  we  finally  find 


* 


kin  q.) 


—  41-  (I  +  tin  q,l 
I  —  e  *■ 


V*id  *  sm(r.) 


(101) 


The  coefficient  O ^  is  related  to  the  exit  area  of  the  internal 
nozzle  F^,  •  b^l^.  The  total  discharge  coefficient  of  the  nozzle  installa¬ 
tion  with  respect  to  the  overall  exit  of  the  external  and  internal  nozzles 
is  determined  by  Eq.  (96). 


i).  Double-Pass  Nozzle  Installation  With  Oblique  Nozzle  Cut-off 

Let  us  determine  the  aerodynamic  characteristics  of  a  two-pass 
nozzle  installation  with  oblique  nozzle  cut-off  (Fig.  119)*  by  using  the 
same  method  of  calculation  that  was  adopted  for  the  nozzle  installation 
with  horizontal  nozzle  cut-off  (cf.  Fig.  1 1 5 ) •  For  a  single-pass  nozzle 
installation  with  oblique  nozzle  cut-off,  the  instantaneous  relative  air 
velocity  in  the  nozzle  cut-off  plane  is 

(t  -T-  tin  q)  lot  ♦ 

_  /  .  ,  *in  -•*>  \ 
v„  ~  \  r  h  '  cot  f  ) 

~  [l  +  -^-sin(«p  —  «f)J 


II  *ln  q)  co»  ♦ 
•  In  <q  -  tl 


t h« ■  instantaneous  relutive  excess  pressure  in  mis  same  plane  is 


-^--1  ~(\ 
pi-;  v 


i\  *  *  I  ft  f  |  cn*  if 

hx  mi  ,.J  v  \  '  ~n  <* 

h  Ci JS  if  ’ 


1  1  *-  ■  *  MIM'P  >|) 


I 1  *  '  i  n  «j  )  c  «*>•  V 
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where  x^.  is  the  instantaneous  ej  rJin-jti-  ifi  the  nozzle  cut-off  plane. 

These  formulas  can  be  useu  in  determining  cnaracteristics  of  the 
external  nozzle  as  well  as  the  internal  if  we  allow  for  the  geometry  of 
these  no  ...les.  To  derive  m«  characteristics  of  tne  internal  nozzle, 
we  (nus t  also  introduce  into  tin  :;e  formulas  tie  values  of  the  fictitious 
widtn  ana  fictitious  heignt  oi  the  internal  no../.l<  in  the  nozzle  installa- 


Two-pass  noz.  le  ins tallatK  n  with  norma i  .io....le  :ut-off.  Let  us 
•  xamine  tne  simplest  ..  n  r.e  oi  a  two-pass  no.  ins *n) nation  when  the 
angles  oi  nozzle  generatrix  inclination  <£  -  -  <p,  the  cut-off 

no.  ies  are  |/  =  y  ,  and  the  e/vrnui  o  ig.  .  of  the  internal  nozzlc‘3 

and  the  internal  edges,  of  the  externa,  no...  res  are  at  tne  sane  distance 
,^h  «=  o  sin  p  from  tne  principal  plane  of  tne  no..zle  installation, 

that  is,  let  us  consider  the  characteristics  of  one  cf  the  special  cases 
of  a  two-pass  no  ..le  installation  with  normal  no.  zle  cut-off.  The  method 
of  forming  this  nozzle  installation  and  tn<  symbols  adopted  are  shown 
in  Fig.  SO. 

The  air  cushion  pressure  coefficient  for  tn<  external  nozzle  is 


since  wre  n  b^  o  ,  the  pro  uiv  p  -  p  . 

The  air  cushion  pressure  .f:i  lent  f  r  tne  internal  no/.zle  is 


Pl  p-  ---  1  (  1  •  h'  .  -?  suit) 

h\  > 


120.  Formation  of  two-pass  nozzle  installation 
with  normal  nozzle  cut-off » 
initial  variant 
final  variant 


Pig.  121.  Design  scheme  of  two-pass 
nozzle  installation  with  oblique 
nozzle  cut-off* 

1  —  principal  plane  of  nozzle  installation 


since  when  ■  b1  +  b,,  the  pressure  p^, c  P^- 

The  discharge  coefficient  of  the  external  nozzie  given  with  respect 
to  it3  exit  area  is 


1  M. v„  ' 

w.iere  v  t/vM  i3  the  relative  air  velocity  in  the  no/.zle  cut-off  plane; 


"if  53  0  +T,sm<*>) 


After  integration,  we  get 


1  Mn  y 

tin  v 


The  discharge  coefficient  of  tru  internal  no.-.le  given  with  respect 


to  its  exit  area  is 


vV!". 


MU  | 


Integrating  this  expression,  we  get 


a<  f K1  +  s  Mn,o  - 11  •  sm(0 


The  total  air  discharge  coefficient  related  to  total  exit  area  of 
the  nozzle  installation  is 


j  v. 


(6,  -  bt)l,vK  b 


I  <-  tin  y 
lln 


Finally, 


o  = 


_i  _ 
tin  f 


The  drag  coefficients  of  the  nozzles  are  associated  with  the 
discharge  coefficients  by  the  relationship  (£  ■ 

Two-pass  nozzle  installation  with  oblique  nozzle  cut-off.  Let  us 
examine  the  general  case  of  the  placement  of  internal  nozzles  in  the 
nozzle  installation  with  oblique  nozzle  cut-off  (Fig.  121).  The  pressure 
coefficient  of  the  air  cushion  formed  by  jets  of  air  exiting  from  the 
external  nozzles  is  determined  as  in  the  case  of  the  single-pass  nozzle 
installation: 


or 


Pi  =  I  —  (  1 


+ 


tin  (?,-♦,)! 

cost,  J 


II  -f  tin  (f,l  cot  f, 
kin  (if,  -  t.l 


(102) 


P  ,  =  !—<■ 


*,  ln», 


(103) 


where 


(I  •  Mil  if,(  cot  if, 
\in  (*f ,  <i> 


b,  sni  (<f,~  lfj 

/»,  UH 


Let  us  find  the  analytic  expression  for  the  pressure  coefficient 
of  the  internal  nozzle,  which  for  arbitrarily  specified  values  of  b^, 

h^,  <p  ,  and  of  the  internal  nozzle  satisfies  the  condition  of 

equality  of  pressures  p.  at  the  inter,  il  and  external  edges  of  the 

external  and  internal  nozzles,  respectively.  Ify  maintaining  the  function 
p?  -  f (b  ,  h^,  <f>  ,  "y/  )  structurally  singular  to  the  function  for  the 

coefficient  of  the  external  nozzle,  und  bearing  in  mind  the  conditions 
specified  above,  we  can  express  the  pressure  coefficient  for  the  internal 
nozzle  in  the  form 


,  II  ♦  'In  %,)  cm  t, 

. .  •  004) 

Thr  fictitious  exit  width  bp  of  the  internal  uoz.  le  and  the 

fictitious  height  hp  of  the  placement  of  this  nozzle  relative  to  the 

support  surface  appearing  in  this  expression  are  unknown.  The  fictitious 
elevation  expressed  in  terms  of  the  distance  between  the  outer  edge  of 
the  internal  nozzle  and  the  support  surface  is 


(105) 


h+----  /i.  -  Jf^sinci'i 


V:)  -  // .  — 


mii  (Mi  V,> 
1 ,n  V, 


Let  us  determine  the.*  expression  lor  the  fictitious  width  bp  .  E(y 
:!** tting  the  width  b  «=  0  in  ?lq.  (  04)  and  equating  the  ri<^t  sides  of 

c 

the  resulting  equation  and  of  Jq .  (  0c),  we  will  have 


-fl 


•>»!  m 

i.U% 


:  J,  I  ] 
Ki  J 


-  '1 


f>,_  >>!"  W  ,  -Jj)  1 
h,  cosif,  i 


II  •  »in  V|I  co'fi^ 
»in  w,  if,) 


tl  --  «in  f  ,)  co,  tj 

»m  If,  -  ti> 


By  replacing  hp  in  thin 
.,nd  by  carrying  out  the  neceo 


expression  with  its  value  from  Eq. 
ary  t  runs  forma  tions ,  we  get 


(  05), 


where 


Ai  ‘,t _ 1 

mu  <H,  -  VO  \ 


(106) 


I  *■  Mn  v  , 

»  ‘  n  m± 

til  CO,  tl 

a 

1! 

+  *L. 

mii  (Vi  —  Vii !  1  ’  ,,n  'f‘ 
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-til  co»t, 

A, 

ms  If,  J 

Inserting  into  Kq.  (04) 

the  values  of  bp 

and 

bp  determined 

based  on  Eqs.  ('05)  and  (l06), 

and  carrying  out 

the 

transf  orma  tions , 

we  get 

_  il  •  en  V  ,1  cos  t. 

P:  =  1  -  i 

i''«  (  1 

.  h .  mu  04 ,  -  V?*  \  J 
h.  Iosif,  /] 

*  n 

it,  *.» 

or 

,  <1  •  'in  v  ,1  in'  if , 
'in  If  ,  <| ,1 


Px  =  I  -  (  Y  [  1  r  ■?*  • ---!**  ±‘l 

'  •  n  /  l  *|  COSt. 


where  v^  /v#  is  the  relative  velocity  of  the  jetlet  travelling  from  the 
internal  edge  of  the  external  no....le  or  from  the  external  edge  of  the 
internal  no..zle, 


•  5b 


l', 


|  *1  _'111  j'tl  •  til  •>»  IS.  <•' 

r  /I, 


With  reference  to  the  equality  p,  =  !  —  (■“)*  t  the  pressure  coeffi¬ 
cient  of  the  air  cushion  produced  by  the  external  nozzle  is 


,  .  .(14-  »in»t>  co« », 

p.=i-d— p,)[i 

or,  since  ht  =*  h ,  +  A/i, 


p.=  1  -(I  -pt) 


I  -f-  ■ 


b,lh  i  ilnK,  — 


I  ,  -  - 


Vi 

h. 


cwif, 


.  0  -h  »ln»,)  to*  », 


tin 


or  in  the  form 


P: 


I  _(1  -p,)e 


In  *, 


(107) 


where 


(I  ,  sin  <p,) co*ft 
sin  (?,  -  ifc) 


and 


i .  i  i  bt/h,  sin  (9,  —  $j) 


ikjs.  (i05)  and  (  04)  are  used  to  determine  tne  pressure  coefficients 
P1  and  p^  of  the  air  cushion  pioduced  by  the  external  and  internal 

nozzles  for  their  arbitrarily  specified  position  in  the  two-pass  nozzle 
installation. 


The  air  discharge  coefficient  of  the  external  nozzle  of  the  two-pass 
nozzle  installation  with  oblique  nozzle  cut-off  given  with  respect  to 
its  exit  area  is 


«» 


i\  cos  <f|/,  dtf 


**|C0*M°W 


I 

*♦1 


_ 
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where 


f- 


=  ,r!  -f  mu  Of,  -  t,)J 


I  tin  n  ,)  cot  V, 

'  n  itfi  '♦Ti  . 


X  -  b' 

- - 


aisifi 


is  the  exit  width  of  the  no/.r.le  in  the  cut-off  plane. 
After  suostitution  ana  inte,;ra tion ,  we  get 

1 1  »  1  n  if  ,1  Cut  V 
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or,  which  amounts  to  the  same  thine’, 
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where 


.  __  (1  •  Mil  Vi  ^'iN  Vi  j , 

1_  sill  (V,-  Vi)  ’ 


(.>l.  rlv-ee,  do;., 

h  cos  if,  ’ 


The  discharge  coefficient  cf  tne  internal  no;-.~le  given  with  respect 
to  its  exit  area  is 


a. 


J  1Y,  COS  V;h 
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**  t  cos  VVi1’,,  *v« 


ti  cm 


j  -^-dxt,  (110) 
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whore 


lVi 


(I  -f»ln  jhl  cot  ji 


[,  +JL5ln(T,-t,)]' 


it;  the  rclutive  velocity  ir.  the  cut-off  plane  of  the  internal  nozzle  and 
x  _  bt  it;  the  exit  width  in  the  cut-off  plane. 


CO*<f, 


Here , 


x  —  x#  +  xi:  =  ~~  4*  —  ' 


cost,  cost,  * 


h^  =  hi-  x *  sin  ((ft  -  ts)  =  hi  —  bf  - . 


Replacing  the  fictitious  width  b^,  with  its  value  i"-om  Eq.  (106) 
and  u3in<’  the  notations  in  (109),  after  transformations  we  derive  an 
expression  for  the  instantaneous  relative  velocity  in  the  cut-off  plane 
of  the  internal  nozzle  of  a  two-pass  nozzle  installation: 


tv  *  r  ,  (l  +  ,in»,)co»», 

*  [  I  +  sin(<p,  —  *.)]  .  (in) 


Inserting  function  (ill)  into  Eq.  ( 1 10 )  and  carrying  out  the  inte¬ 
gration,  vc  get 
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where 
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Moreover,  since  ■  h^ 


.Ah, 


Ah 


*1 


I  -  k~^‘ 


a,  = 


V*. 


iHigLZ*}  (*.—  I) 

cost, 


(U2) 


hiqs.  (10b)  and  (112)  are  used  to  determine  the  discharge  coefficient 
the  external  and  internal  no/./. lea  for  their  arbitrarily  specified 
position  in  a  two-pass  nozzle  installation. 
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CHAPTER  POUR 

DETERMINING  THE  LIFT  OF  AN  AIR  CUSHION  VEHICLE 


To  produce  an  air  cushion  under  a  vehicle  in  the  free  hovering 
state  a;  some  elevation  above  the  support  surface,  one  must  continually 
feed  air  by  means  of  fans.  External  air  is  sucked  through  receiver 
openingn  usually  located  in  the  upper  section  of  the  vehicle  and  is  fed 
to  the  nozzle  installation  placed  in  its  lower  section  ~  in  the  bottom. 
Cwing  to  the  reaction  of  air  jets  escaping  from  the  nozzle  installation 
and  streaming  over  t* »»  ground  surface  to  either  side  of  the  craft  in 
directions  radial  froti  it,  under  the  bottom  is  produced  a  pressure  that 
is  greater  compared  with  the  atmospheric,  that  is,  the  air  cushion  effect 
is  achieved.  Tr  th  upper  section  of  the  craft  at  the  outer  surface  of 
the  air  intakes  and  the  adjoining  sections  of  the  craft  roof  rarefaction 
is  produced  due  to  the  effect  of  the  suction  action  of  the  fan. 

The  lift  sustaining  the  craft  in  the  air  is  composed  of  vertical 
component  forces  of  excess  pressure  und  rarefaction  acting  on  its  hull, 
and  the  vertical  composite  reaction  forces  of  the  entering  and  exiting 
air  streams. 

The  forces  of  excess  pressure  acting  on  the  bottom  can  be  determined 
quite  accurately  if  we  know  the  air  dynamic  characteristics  of  the  nozzle 
insulation  used  on  the  craft  and  the  air  cushion  it  produces.  Direct 
determination  of  the  rarefaction  forces  induced  due  to  the  effect  of 
air  being  sucked  into  the  craft  and  acting  on  its  hull  encounters  major 
difficulties,  since  we  must  know  the  regularities  of  the  distribution 
of  rarefaction  over  the  entire  surface  of  the  craft  roof  and  especially 
near  the  suction  opening  of  the  fan.  Usually  large  areas  and  the  small 
value  of  the  rarefaction  do  not  permit  these  forces  to  be  determined 
experimentally  with  accuracy  sufficient  for  practical  use.  Let  us 
find  in  general  form  the  lift  produced  by  the  air  flowing  through  the 
craf  t . 


To  find  what  effect  the  suction  of  air  has  on  the  lift,  let  us 
examine  ie  flow  in  a  vehicle  that  is  in  the  hovering  regime  at  a 
considei  iblr.  distance  from  the  support  surface,  that  is,  at  a  distance 


S 

i 


for  which  the  surface  has  no  aerodynamic  effect  on  the  discharge  air 

jets  from  the  vehicle  and  doe3  not  bring  about  an  air  cushion  under  the 

craf  t  b(  t  tom. 

For  simplicity,  we  will  also  assume  that  the  vehicle  has  a  single 
suction  opening  and  a  sin, le  exit  opening.  This  vehicle  (Fig.  122) 
consists  of  u  vertical  duct  III,  intake  header  I,  and  exit  nozzie  IV. 

In  the  duct  i3  mounted  a  fan  II  with  a  drive  sucking  air  through  the 
header  and  discharging  it  through  the  nozzle  in  the  form  of  a  continuous 
jet  aimed  vertically  downward.  The  header  and  the  nozzle  are  profiled 
along  smooth  curves,  and  the  entrance  edge  of  the  header  is  separated 
from  the  duct  axis  by  a  distance  tfia t  is  much  greater  than  the  duct 
diameter . 

To  determine  the  lift  of  the  craft,  let  us  enclose  it  in  the 

(  ntour  1 -2-5-4- i  and  let  us  apply  the  momentum  equation.  Let  us  project 

onto  the  vertical  axis  y  of  craft  symmetry  forces  acting  on  the  craft 
and  on  tne  surface  of  the  isolated  contour.  If  the  contour  dimensions 
are  taken  so  that  over  all  secti  ns  the  pressure  is  equal  to  the  atmo¬ 
spheric  p* ,  and  the  air  velocity  through  the  contour  v  »  0  (with  the 
exception  of  the  section  vner<  the  jet  exit  velocity  is  v),  we  get 


I'-mt  | » t'2  /'  • 

Thus,  the  lift  acting  on  the  vehicle  is  numerically  equal  to  the 
momentum  of  the  jet  exiting  from  the  craft  to  the  exterior,  is  determined 
only  by  the  velocity  v  of  jet  discharge,  its  density  f  ,  and  the  exit 
area  F,  and  does  not  depend  either  on  the  rarefaction  induced  at  the 
surface  of  the  craft  under  the  effect  of  suction,  along  the  configuration 
of  the  craft,  where  the  shape  of  its  air  intake  section  and  the  adjoining 
structural  members.  This  familiar  determination  of  the  thrust  from  a 
jet  reaction  was  given  as  early  as  1882  by  N.  Ye.  Zhukovskiy  [22,  23,  24]. 

Let  us  examine  at  which  craft  structural  members  and  to  what  extent 
this  lift  is  realized,  and  let  u;  ai.c  determine  the  power  outlays  to 
produce  thi3  lift  force. 


14 •  Craft  With  Inlet  Header  and  Exit  Nozzle 

Let  us  assume  that  the  header-  pr»  vines  a  continuous  nonseparation 
entry  of  air  into  the  duct,  we  will  assume  the  air  to  be  an  ideal  fluid 
—  inviscid  and  incompressible.  Accordingly,  we  will  assume  that  fric¬ 
tion  of  air  against  the  wall  of  the  header,  duct,  and  nozzle  is  absent, 
and  also  that  there  are  no  local  pressure  losses  throughout  the  flow¬ 
through  section.  Let  us  assume  that  the  fan  has  an  infinite  number  of 
blades  and  is  a  kind  of  disk  in  which  thrust  and  velocity  are  distributed 
evenly  over  its  entire  area,  including  the  hub,  and  that  twisting  of  the 
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Pig.  1  22.  Control  contour  for  determining 
the  lift  of  8  flight  craft  with  header  and 
nozzle 


stream  is  absent.  Let  us  also  assume  that  the  velocity  v1  in  the  duct 


cross-section  behind  the  header,  —  in  the  section  of  the  duct  behind 
the  fan,  and  v  —  in  the  nozzle  exit  are  distributed  uniformly. 


Since  the  diameter  of  the  header  inlet  is  much  larger  than  the  duct 
parameter,  we  can  assume  that  the  velocity  v^  of  the  air  at  the  edges  of 

this  inlet  is  negligibly  small  compared  with  the  velocity  v1  at  the  entrance 

into  the  duct,  and  that  the  pressure  p^  near  these  edges  is  equal  to  the 

pressure  pw  far  from  the  duct  inlet,  that  is,  the  atmospheric  pressure. 


Tfce  velocity  v^  of  the  air  jctlet  increases  in  the  direction  to  the  duct 


inlet,  and  the  pressure  p^  at  the  inner  surface  of  the  header  is  reduced. 


Atmospheric  pressure  acts  on  the  outer  surface  of  the  header.  Itoe  pressure 


difference  pH  -  p^  produces  a  lift  that  is  applied  at  the  header. 


Let  us  enclose  this  craft  in  the  control  contour  5-6-7 “8”9“10*1 1-12-5 
and  to  determine  the  lift  let  us  use  the  equation  of  momentum.  We  will 
draw  the  contour  in  direct  proximity  to  the  external  and  internal  surfaces 
of  the  duct  and  the  header,  and  over  the  horizontal  sections  of  the  contour, 
within  the  duct  in  front  of  the  fan  and  behind  it  —  in  the  sections  where 
the  velocities  v,  and  v  are  uniformly  distributed. 


Let  un  project  onto  the  vertical  uxia  y  ol'  cruft  symmetry  the  forces 
acting'  on  the  craft  and  on  the  surface  of  the  adopted  contour.  Ify  the 
equation  of  momentum,  we  will  have 

)'  =  mVc  -  mu,  -|-  p„F0  -  />,/•',  R„  -  R,  f- 

I-  Ph  (/’ o  —  F)  -  R(,  H 13) 

where  mvQ  is  the  momentum  of  the  air  stream  in  the  section  11-12  behind 
the  fan;  mv  is  the  momentum  of  the  air  stream  behind  the  fan  in  the 
action  y-b;  Pq*’q  are  the  pressure  forces  in  the  duct  section  behind  the 
fan;  p1?1  are  the  pressure  forces  in  the  duct  section  ahead  of  the  fan; 

Hw  is  the  vertioal  component  of  the  pressure  forces  acting  on  the  lower 
surface  of  the  header;  is  the  vertical  component  of  the  pressure  farces 
acting  on  the  upper  surface  of  the  header;  p^F^  ”  F)  is  the  vertical  compo¬ 
nent  of  the  pressure  forces  acting  on  the  outer  surface  of  the  nozzle;  and 
Hc  is  the  vertical  component  of  the  pressure  forces  acting  on  the  inner 

surface  of  the  no/.zle. 

With  reference  to  F,  «=  Fq  ar.d  v^  =  v^,  Eq.  ( 1 1  > )  becomes 

V  z  (Po  Pi)  I'  i  "i  Rh  R»  i  Pm  (F  t  ‘  F) 

In  tnis  equation  the  unknowns  are  pressure  p^  in  the  duct  section 

behind  the  fan,  pressure  p1  behind  the  curved  section  of  the  header  in 

front  of  the  fan,  and  the  vertical  components  R„,  R^,  and  R  . 

c 

The  projection  on  the  vertical  of  the  pressure  forces  acting  on  the 
header  i3 

R*  -  R.  ■-  j  (P,  -  Pi)<*f- 

i 

Hero  the  pressure  drop  p„  -  p^  depends  on  the  coordinates  of  the 

elementary  area  dF.  However  this  force  difference  can  be  determined  also 
without  knowing  the  law  of  pressure  distribution  over  the  surface  of  the 
header  we  use  the  contour  2-}-9“8~7"6“2  and  apply  the  momentum  equation 
to  it.  For  this  contour,  since  in  its  section  6-2-}-9  the  pressure 
p  ■  const  and  v  ■  0,  we  have 

mu,  H-  p,f ,  -  pHFx  -)■  R,-RH  =  0. 


;46 


Then  the  lift  acting  on  the  header  is 


>'«  =  RH-Rt-  i>v\Fi  —  (p„  —  pi) F i. 


since  m  -  p v ,P  . 

We  can  write  for  the  stream  of  air  between  the  header,  in  accordance 
with  Bernoulli's  equation 

A. <N4) 

Then 

K.  =,-  /?„  -  R.  -  ft*;/’,  -  Qf ,  ,  ijl  |<rV, 

since  from  the  continuity  equation  v^/v  ■  P/P^. 

The  vertical  component  of  the  pressure  forces  acting  on  the  header, 
expressed  in  the  fraction  of  the  total  craft  lift,  is 


Let  us  determine  the  pressure  forces  acting  on  the  nozzle.  To  do  this 
let  us  use  the  contour  ^-1 2-1  -10-5)  and  apply  the  equation  of  momentum  to 
it.  Since  in  the  section  11-12  behind  the  fan  the  velocity  field  is 
uniform,  we  will  write 


rj  . 


Using  Bernoulli's  equation  for  the  air  stream  passing  between  the 
sections  11-12  and  5-10, 


P*  +  “y  ~  Pi 


=  P«  + 


2 


(115) 


it  is  not  difficult  to  derive  an  expression  for  the  vertical  component  of 
the  pressure  forces  acting  on  the  nozzle, 

y,  =  p. If.  -  /  )  -  R,  =  ( l  -  -  ■£)  r off. 


Kig.  123.  Craft  lift  and  its  components  as 
functions  of  nozzle  relative  exit  width 


The  component  Y  when  F/Fq  K.  '  is  always  ne^tive,  that  ia,  it  is 

directed  downward  and  reduces  the  craft  lift,  heluting  thiB  projection 
of  pressun  forces  to  the  total  craft  lift,  we  get 


y< 


The  vertical  component  of 


the  pressure  forces  acting  on  the  fan  is 


Y.  lPo~Pi)Ft. 


Replacing;  the  pressure  Pq  behind  the  fan  with  its  value  based  on 

iq,  (rlj),  and  the  pressure  p.  in  the  section  in  front  of  the  fan  by  its 

value  from  r>q .  (14),  and  considering  that  v,)  ■  v^,  we  get 


or,  in  fractions  of  total  lift, 

y  _  i  t  _  _j_ .  t°. 

*  I  *"  1/  n  r 


Mb 


The  force  acting  on  the  fan  i3  realised  ultimately  in  the  form 

of  the.  pressure  forces  acting  on  its  blades  and  hub.  ftius,  the  craft  lift 
is 

Y  =  K.  +  Y.  +  Y,  =  f  I-  -£•-  -  +  I  j  P«V  =  P** 


The  nature  of  the  change  in  the  lift  and  its  components  as  a  function 
of  the  relative  area  P/Fq  of  the  nozzle  exit  is  shown  in  Pig.  123*  from 

whence  ue  can  see  that  a  change  in  this  area  strongly  affects  the  lift 
components.  When  the  area  F/Fq  is  reduced,  the  force*  acting  on  the  header 

become  less,  while  the  forces  acting  on  the  fan  rise.  Also  increasing  in 
absolute  value  is  the  vertical  component  of  the  pressure  force*  on  the 
nozzle  wall,  but  it  is  directed  downward.  The  algebraic  sum  of  these 
components  always  remain  unchanged  and  equal  to  the  reaction  of  the  exiting 
air  jet. 


'5.  Crqft  With  Ideal  Header 

In  the  particular  case  when  the  nozzle  exit  area  equals  the  area  of 
the  duct  cross-section  (F  -  Fy),  that  is,  the  craft  consists  of  duct, 

header,  and  fan  with  drive,  the  vertical  component  of  the  pressure  forces 
on  the  header  is 

Y. «  P*F  = 

the  vertical  component  of  the  pressure  forces  on  the  fan  is 

Y.^-f-T-eSF^-T^ 

anu  the  vertical  component  of  the  pressure  forces  on  the  nozzle  walls  is 


“  1  YF  277  ~  1  -  4  ~  4~  =  °- 


2  2 


The  lift  of  the  craft  for  this  case  is 


Y  =  K«  +  Yt  =  pt»*F  -f-  -ypl>,F  ~  ptFF’ 
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that  is,  it  io  numerically  equal  to  the  momentum  of  the  jet  as  it  exits 
from  the  craft  (jet  reaction).  Here  half  of  the  lift  component  is  induced 
by  the  action  of  the  pressure  forces  on  the  header  wull3,  while  the  other 
half  of  the  component  coues  from  the  action  of  pressure  forces  on  the  fan. 
Though  that  the  total  drag  of  thi  flow-through  section  of  the  craft  is 
.  qual  to  the  dynamic  pressure  of  th<  air  stream  as  it  exits  from  the  craft, 
that  is,  -  pv2/2. 

1b.  Craft  With  Acute  Inlet  Ldge 

Let  us  examine  another  characteristic  case  when  the  header  and  the 
exit  nozzle  are  absent,  and  the  duct  has  an  acute  inlet  edge  (Pig.  124). 

If  w.>  use  the  contour  l-2-j-4-1  and  apply  to  it  the  equation  of  momentum, 
we  will  have 


1’  nw  |«i c/\ 


(116) 


Let  us  determine  in  this  case  the  point  at  which  the  lift  is  applied. 
To  do  this,  let  us  use  the  contour  5**6“7_8“9“10-1 1  “1 2-1).  The  projection 
on  the  y  axis  of  the  pressure  forces  acting  normally  to  the  duct  walla 
are  equal  to  zero,  therefore  the  equation  of  momentum  i3 

*  '  .  r,t 


With  reference  to  •  v1  ,  we  get 

Y  </>■  - (117) 


The  lift  Y  ultimately  i3  realized  in  the  form  of  preasure  forces  acting 
on  the  fan  blades  and  hub. 

From  the  joint  solution  of  Lq.; .  (lio)  and  (117),  we  have 


P"  ~  Pi  I'f*- 

The  velocities  in  the  sections  7 ”6  and  11-12  are  identical,  therefore 
the  dynamic  pressures  are  also  equal  and,  therefore,  the  preasure  difference 
Pp  “  p1  -  pv2  ia  the  total  pressure  built  up  by  the  fan  in  the  network. 

This  total  pressure  io  expended  in  overcoming  the  network  drag.  The  leases 
of  the  dynamic  pressure  of  the  flow  as  it  exits  from  the  craft  (  pv^/2) 
are  smaller  than  the  total  pressure  built  up  by  the  fan  (  fv^),  therefore 
the  flow  in  this  craft  can  exist  only  in  the  case  when  local  pressure 
losses  ure  present  in  the  flcw-through  section.  These  losses  exist  and 


1*) 


result  from  the  separation  of  the  flow  as  it  enters  a  duct  with  an  acute 
edge,  as  the  result  of  compression  of  the  jet  formed  here,  and  as  the 
result  of  ita  subsequent  expansion.  Let  us  express  the  pressure  losses 
in  the  network  in  terms  of  the  drag  coefficients. 
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Fig.  124.  Contour  loop  for  determining 
the  lift  of  a  flight  craft  with  acute 
entrance  edge 


The  pressure  losses  in  the  delivery  network  (if  we  assume  that  the 
flow  is  ideal  and  that  there  is  no  friction  of  air  against  the  duct  walls) 
consists  of  the  losses  of  the  dynamic  pressure  of  the  stream  during  its 
exit,  that  is, 


T 


These  losses  can  be  expressed  as  the  local  drag  coefficient 


ii 


~  |V;  *  7v*~  *' 


The  atmospheric  pressure  occurs  not  only  in  the  duct  exit  plane  but 
also  witnin  it  over  the  section  from  the  duct  cut-off  to  the  fan,  therefore 
in  the  section  11-12  the  pressure  ■  p  [illegible ]. 


To  determine  pressure  losses  in  the  suction  network,  let  us  apply 
the  Bernoulli  equation  to  the  air  stream  entering  the  ducti 


r«  —  Pi  t*  o'  )  v«c  j  1 


Since  the  velocity  -  v,  the  coefficient  is 


-  —  Pi  . 

V* 


To  determine  the  pressure  difference  pw  “Pi*  us  u8e  the  “omentum 
equation.  For  che  contour  1  -2-3-4“10“9“8“7“6"^"1 ,  we  can  write  mv^  ♦  p^P 
-  pwF  •  0.  Whence 


Ph  Pi  -  y 


/»,  -  Pi 

I'll' 

2 ' 


As  we  know,  the  pressure  losses  at  the  entrance  into  a  duct  with 
acute  edge  are  characterized  by  the  coefficient  £c  . 

The  total  drag  of  the  network  is 


H  --  H.<  f-  //„  -  (vV  t  U  'J-  =  (I  +  I)  pe*. 


Here  we  note  that  for  tht  same  lift  the  drag  of  the  flow-through 
section  of  a  craft  with  a  duct  that  has  an  acute  entry  edge  is  twice  as 
great  as  the  drag  of  the  flow-through  section  of  the  craft  provided  with 
an  ideal  collector  in  itD  duct,  since  in  this  case  the  drag  coefficient 
of  the  network  as  a  whole  is  £  -  +  C*  -1+1-2. 


17.  Craft  With  Header  Having  a  Small  Radius  of  Curvature 

When  a  small  header  is  installed  in  a  duct  (Fig.  125),  introducing 
additional  drag  into  the  flow-through  section,  the  vertical  components 
of  the  pressure  forces  acting  on  the  collector  is 

Y-  U-  ~  R‘  ~  -  (/>-  -  Pi)  F  =■•  ri'iF  -  ( p „  -  Pi)  f\ 


Fig.  lift).  Contour  loop  for  determining 
the  lift  of  a  flight  craft  provided  with 
a  header 


Fig.  126.  Dependence  of  drag 
coefficient  of  entrance  to  header 
on  relative  radius  of  curvature 
of  entrance  edge 


Fig.  127.  Relative  Uftjf  of 
craft  and  its  component  and 

Y^  as  functions  of  the  relative 
header  radius  of  curvature 


Expressing  the  pressure  losses  in  the  header  in  terms  of  the  local 
drag  coefficient  £  ,  for  the  air  stream  entering  the  duct  we  can  write, 
in  accordance  with  Bernoulli's  equation, 

r  1  . 

r.  r 1  .  f  .  .  ■ 


Mhen 


1W 


or,  in  terms  of  fraction  of  craft  lift, 


i_z:t 

2 


The  vertical  component  of  the  lift  induced  by  the  pressure  forces 
at  the  fen  is 


y.-UK  —  pi)  F  =  (p„  —pi)F=  pyjf 


or 


l  +C 

~T~ 


Thus,  even  for  this  case 


y  =  -h  v.= 


If  in  the  craft  duct  we  install  a  header  profiled  along  the  arc  of 
u  curve  and  use  the  experimental  dependence  of  the  local  drag  coefficient 
£  on  the  relative  radius  of_curvature  r/D  (Fig.  126),  the  relative  lift 
Y  and  its  components  Y^  and  Y^  can  be  represented  as  the  curves  shown  in 

Fig.  127.  As  we  can  see,  reducing  the  header  radius  of  curvature  reduces 
the  component  Y^  and  increases  the  component  Yfl  by  the  same  amount.  When 

r/D  -  0,  that  is,  when  we  are  dealing  with  an  acute  inlet  edge  of  the 
duct  to  which  {  -  1  corresponds,  the  craft_liiv  is  determined  only  by  the 
component  acting  on  the  fan  (Y  -  ,  and  Y^  »  0).  But  now  when  r/D  ■  0.2, 

the  component  of  the  header  lift  is 


V. 


-Lui _ njn 

2 - 2 -  °*48. 


and  the  component  of  the  fan  lift  is 


Increasing  the  header  diameter  by  a  factor  of  V  (when  r/D  ■  0.4) 
increases  the  component  by  only  1.5  percent. 


Aerodynamic  and  Energy  Characteristics  of  Craft 


The  lift  of  a  craft  is 


Y  -  pt-V  =  pe’/r(-^-)  • 


The  volume  flow  of  air  is 


Q  ~  vF  =  vuF, 


The  drag  of  the  suction  network,  equal  to  the  pressure  losses  as  the 
air  enters  the  header,  is 


II  -  -  — 


The  draK  of  the  delivery  network,  equal  to  the  losses  of  the  dynamic 
pressure  of  the  air  flow  as  -,i  exits  from  the  craft,  is 


1*  t 

;  \  t  t 


The  total  drag  of  the  flow-through  section  of  the  craft  ia 


H  =  H«  +  //„  «  [C  +  (^-)3]-r- 


The  required  power  is 


*  =  fr  =  #  [t  +  (*-)’]  4  -  -it  [t  +  (■£)’]  4  W 


»  Kq.  (HQ),  i - V- 

I  /  „  r  C  * 


V  <*•4- 


inserting  this  expression  into 


Eq.  (123)  and  considering  that  the  density  of  air  is 

p=p-^"=f>-A=  4*  (,24> 

where  is  the  density  of  air  at  normal  atmospheric  conditions 

((>*  -  0.125  kg  •  sec2m4),  we  get  the  power  N  expressed  in  terms  of  the 

lift 


v._  *  (*-)* 

*  *  _ _  *  -  /•  —  ■  ■  ■ —  — 


1  '*  11 \j7j  1  m  • 
75  ^  Y  (-!/-)’  1  f- 


hq.  (12S),  represented  in  the  form 


*  - ;  v\ 


,/s  t  .(>)'■ 


expresses  the  power  ratio  of  the  craft. 

For  a  compa^son  of  the  power  ratio  of  craft  under  consideration, 
two  curves  plotted  by  Eq.  (126)  are  given  in  Fig.  128.  Curve  1  charac* 
terizes  the  power  ratio  of  a  craft  consisting  of  a  fan,  ideal  header 
-  0),  duct,  and  exit  nozzle,  and  curve  2  characterizes  the  energy 
ratio  of  the  same  craft,  but  now  without  a  header  —  and  with  a  duct 
that  has  un  acute  inlet  edge  (  £  -  1). 

For  a  craft  consisting  of  a  fan  and  an  ideal  header,  when  F  ■  Fq, 
the  power  ratio  reaches  its  maximum: 

I  '  !  V’ 


r,  I  (  V  ) 

••  7  I'D'' 


Pig.  128.  Power  ratio  of  craft 
as  functions  of  relative  nozzle 
exit  area  and  inlet  header  drag 
coefficient 

1  —  for  C  ■  0 

2  —  for  £  -  1 


At>  •‘he  relative  nozzle  exit  area  F/Fq  is  reduced,  the  power  ratio 

drops  off  (cf.  curve  1).  Plotted  on  this  sane  curve  is  point  A  charac¬ 
terizing  the  familiar  power  ratio  Kg  -  37. 5  of  an  ideal  isolated  air 
propeller.  For  this  propeller,  the  relative  area  of  the  compressed 
section  of  the  jet  is  F/Fq  »  and  the  drag  coefficient  of  the  "flow¬ 
through"  section  related  to  the  velocity  directly  behind  the  propeller 
4* 


For  a  craft  consisting  of  a  fern  and  a  duct  with  an  acute  inlet 
[entry]  edge,  when  F  ■  FQ  (with  no  exit  nozzle),  the  power  ratio  is 


, .  75  V  A 

A  o  —  1  / 

V  i 


vm 

■■  (4;  )• 
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Examining  Eq.  (126)  and  Fig.  128,  we  can  see  that  when  F  -  FQ,  the 

power  ratio  of  a  craft  consisting  of  a  fan  and  a  smoothly  contoured 
header  is  twice  as  great  as  for  the  same  craft,  but  lacking  a  header, 
and  is  1./J1  times  greater  than  for  a  craft  with  an  isolated  air  propeller. 

For  the  same  lift  (Y  -  YQ),  the  power  ratio  ~  a  A.  =  -AL  =  *  t 

that  is,  the  required  power  for  a  craft  with  a  smooth  header  is  half  that 

for  a  craft  with  an  acute  inlet  edge. 

For  the  identical  power  consumption  (Ny  ■  N^),  the  lift  ratio  J-“  - 
=  (  a-')  '  “  ;  1  >r,9.  is»  installing  a  smooth  header  in  a  duct 

with  an  acute  inlet  edge  increases  the  lift  by  ^  59  percent. 

This  is  dictated  by  the  fact  that  the  installation  of  a  smooth  header 

in  the  craft  reduces  the  drag  of  the  flow-through  section  by  a  factor  of 

2,  reducing  to  nought  local  pressure  looses  caused  by  the  contraction  of 
the  jet,  that  is,  by  the  contraction  of  the  jet  at  its  entrance  into  the 
duct  with  an  acute  edge  and  [illegible]  by  its  expansion  in  the  duct. 

Inlets  made  m  the  form  of  a  smooth  header  and  an  acute  edge  produce 
the  following  (extreme)  cases  of  streaming  of  air  to  the  craft  fani  in 
one  nonimpact  air  entrance  is  ensured,  while  in  the  other  —  the  greatest 
local  pressure  losses  caused  by  compression  of  the  jet.  The  zone  enclosed 
between  curves  1  and  2  (cf.  Fig.  128)  to  determine  tne  power  ratio  of  a 
craft  provided  with  a  collector  with  relatively  small  radius  of  curvature. 

For  a  craft  with  a  header  in  which  the  curvature  of  the  inlet  edges 
relatively  small,  the  maximum  power  ratio  occurs  for  relative  exit  nozzle 
width  F/ F()  -  l/(}£  )s  and  can  be  expressed,  when  A  -  1,  in  the  form 

a-  _7'  I  <  1^;)]  __  30,.- 

12  ;  (|/3^)»  \  r~- 


The  maximum  power  ratio  occurs  when  £  ^  1/5- 

For  a  craft  that  nas  a  duct  with  an  acute  inlet  edge  (C«  1),  the 
nai  relative  nozzle  exit  width  F '/¥n  *  1 / ( 5 ) ^  ■  0.597  and  the  maximum 


optimal  relative  nozzle  exit  width  F/F^  *  1 / ( 5 ) ^ 
ratio  of  K  »  50.2. 


Using  Eqs.  (118)  -  (125),  for  these  craft  we  can  derive  the  following 
relationships  between  pressure,  volume  flow,  power,  and  lift. 


T 


The  pressure  is 

«=[c+(-r)  J-re-( -^)  ”  K  = 


Nj  .  (127) 


The  volume  flow  of  air  is 


r~ 


r - - - „  /  75  16  _ FJ - v 


iV'i 

~\fs 


(128) 


The  power  required  is 


t+(r;V_y^ 


—  ^2 


/  A*  V>  V  ft 


75  »v 


'C 


The  lift  force  is 


75  r .\  Vtt  V ( 'r)  u 


V'i 


^(4*-y 


2f"  >•-  „  A  Q*  fo 

rrw  =  x'7T'  f 


C-K4-V 


(130) 


Let  us  compare  the  characteristics  of  two  craft »  one  with  an  inlet 
header  and  an  exit  nozzle,  and  the  other  equipped  only  with  a  header. 

Let  us  assume  that  the  fan  diameters  of  these  craft  are  identical  and 
their  collectors  are  executed  alon<;  smooth  curves  (£"  -1).  Let  us 
denote  with  the  subscript  "K"  the  characteristics  of  the  craft  provided 
only  with  a  header  (without  a  nozzle).  Let  us  unc  Fqs.  (127)  "  ( 1 50)  to 
determine  the  characteristics. 


159 


1 


ijfcllW*  ai  i  ii  i 


nr  ■  ~ 


J 


H  TViM:v/ 

i * 1  i vt  t -4  tv  rtf  v 

f  '  T  j  ~Ft  4  L>J  A 

fH  rV  1  *  ‘  *  V7  4 

t  T  f  \  ’’’1 1  *  ’ '  «■* 

1*^  j  *  |-t  «\*  *  «  « A<#' 
t  «  4  f  *  4  4  V  j. *  •  \  •  •  •  ♦  •  • 

[•"  f*1  •\s)  •  \<r . 

i  *  «  j-4  ■  t- 1-*  -•  V  •  «  V  •  •  *  ♦  *  « 

[•t  fti  I  ‘  *  *  nc  •Vfv y;  • 

►-+  ♦  |  *  •  *  •  *  •  •  ' 

1 H4 |-*tf tiv if*  •  •  •  My 

t  +  -‘  ‘  1  *  t  *  -  •-^*~*r*  r  1 

.  I .  t  -*  •  -  • 

J'HTPI  •  r  ’  •  • 

0,1  0."  O.b  0.6  rf 


-  * 

■j 

(V/ 

■ 

• 

* 

1 

4n 

4 

. 

-f 

4 

A 

♦ 

/ 

i 

t 

L—l 

liiFil¥W 

<» '"  IHhH  w.  0.. 


*  *N-C*"*t\  T  t  n"T 

:i  Yirpr'tf -■ 

•  •  *  !  *  H~  -  - 

MSnt±H:: 

1 1  t  H-4- H  M  II TTT 

■L.  1  6.1  1  I  A-.A  l»l«* 

0,1  0,*  0,6  0,8 


Fig.  lr'ly.  Craft  haraoteriation 
for  constunt  uir  volunm  flow  as 
functions  of  relative  no///.l«'  exit 
urea 


Fig.  1}0.  Craft  characteristics 
for  constant  power  consumption 
as  functions  of  relative  nozzle 
exit  area 


For  i'll  i.t  li-rij  aji  velui'H  flows  u.  tne  flow-through  section  of  the 
cruft  (h  “  •!/.._  -  i  ) 


H  .v 

K .  V. 
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For  1-iwntical  power  outluy  ( N  -  N/N  =  1),  we  wi  t 


W„...  J..II  IIILJJPIPLH 


The  effect  of  installing  a  nozzle  on  the  aerodynamic  characteristics 
of  a  craft  with  identical  air  volume  flow  in  the  flow-through  section  is 
shown  in  Kii:.  12,>,  from  whence  we  can  nee  that  reducing  the  rutio  of 
areas  F/F .  for  the  nozzle  exit  lends  to  an  increase  in  the  lift  Y,  un 
appreciable  increase  in  the  required  pressure  H,  required  power  N,  and 
required  load  over  the  area  Y/F,  und  to  u  reduction  of  the  load  for  the 
power  Y/N. 

The  effect  of  installing  a  nozzle  on  the  aerodynamic  characteristics 
of  a  craft  is  shown  in  Fig.  IjO,  for  identical  power  outlays.  In  this 
case  reducing  the  ratio  of  areas  F/F-  leads  to  an  increase  in  the  pressure 

H  und  the  load  over  the  area  Y/F  and  reduces  the  air  volume  flow  lift 

*v  -w  .  • 

Y,  ana  the  load  for  power  Y/N. 


Let  up  compare  the  characteristics  of  a  craft  with  a  small  header 
with  the  characteristics  for  the  same  craft,  but  now  provided  with  a  header 
that  doon  not  produce  pressure  losses  (£*■  6).  Here  we  will  use  the 
experimental  dependence  of  the  drag  coefficients  £  of  the  header  on  the 
radius  of  curvature  r/D.  Let  us  denote  with  the  index  K  the  characteris¬ 
tics  of  the  craft  with  u  smooth  header  and,  with  reference  to  Eqs.  (127)  ” 

( 1  'jO ) ,  we  p\>  t : 


lor  identical 


for  identical 


air  volume  flow 


U  ^  S  =_  1  Ft.  ) 


totul  pressure 


built  up  ny  the  fan  in  th<  f low-throu<'h  section  of  the  cruft, 


,-V 


for  inenticul  power  outlay  (  <V 
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Ki,;.  '  '  i  .  aerodynamic  and  power 

iiaracteristics  of  craft  us  functions 
!  niative  in  ado r  radius  of  eurvuture 
(with  respect  to  the  characteristics 
of  i  raft  provided  with  an  ideal 
head*  r  ^ 


For  th*  <  use  o!'  1  err  i  a  air  suppl  /  u  \ 

k-  i.  i) 

in  a  nil  r  mn  a  hen  no  .w  /in,  »  .::iai  .  radius  of  curvature  compared  with 

th*  craft  will  an  idea .  iM.m  it  1 n*  essury^Kitf.  1$1 ),  for  the  same 

lift  (Y  ')  and  for  on  ranged  load  over  area  (Y/F  ■  1  )  to  use  the  fan 
tc  sustain  an  increased  pressure  ( H  *1)  and  to  expand  additional  povar 
(N  >1).  here,  the  smaller  tn<  header  radius  ol  curvature,  the  lower 
will  lie  the  spec  if  1  lord  on  tne  [  owe  r  (Y/h)<_  -  . 

If  tne  fan  ince|  •  tiuen  tiy  <1  the  (leader  radius  of  curvature  builds  up 

the  name  t  tai  pressure  h  ’,  )  u.  tne  f ] ow- through  section  of  the  craft, 

then  as  thin  radius  i:  ■  i  ■  ,  the  air  volume  flow,  power,  and  specific 

had  on  power  no  com*  o  ...  ns  this  taker,  pin  ■(■,  tne  lift  is  reduced  even 

.so re  char;  ly,  and  so  i:  the  loan  over  the  area. 

r'or  identical  pow-u  outlay  f  N  «  },  as  the  header  radius  of  curvature 

is  re  lu  (Ml ,  tho  total  pr>  tin  rise:,,  and  the  air  volume  flow  correspond" 
ir.ply  is  relu  n!,  tie  re,  the  ii:t  iu  lanticauly  reduced  to  the  same 
extent,  as  is  the  load  r  v<  i  u,e  area  and  the  loud  on  the  power. 


Thua,  analysis  of  craft  characteristics  ahows  that  the  use  of  an 
inlet  header  is  advantageous  not  only'  in  that  it  causes  the  formation  of 
additional  lift  in  response  to  the  reactive  force  produced  by  the  air 
Jets  exiting  from  the  craft,  but  also  in  that  by  ensuring  a  smooth  intake 
of  air  into  the  craft,  the  heuder  appreciably  reduces  the  drag  of  the 
flow-through  section  and  thereby  improves  the  power  ratio  of  the  oraft 
ao  a  whole. 

In  actual  conditions,  the  presence  of  local  pressure  losses  in  craft 
structures,  especially  behind  the  fan  in  the  delivery  network,  and  the 
friction  of  air  against  the  walls  of  the  flow-through  section  ohannels 
reduces  the  positive  effect  achieved  with  the  header,  and  does  so  the  more 
strongly,  the  greater  the  overall  drag  of  the  flow-through  section,  ltoe 
lift  of  this  kind  of  craft,  independently  of  the  pressure  losses  in  the 
flow-throu#i  section,  is  equal  to  the  reaction  of  the  air  jet  exiting 
from  the  craft. 
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CHAPTER  PIVL 

LIFT  OF  AN  AIN  CUSHION  VFHICLL 
IN  THK  HORIZONTAL  HOVERIKC  RFGIML 


1lj,  Craf'  With  Normal  Nozzle  Cut-off 

Tie  .  ift  rf  air  usfiori  vehicles  in  one  of  the  most  important 
■hara  ti  nun  u  determining  not  only  the  principal  uir  dynamic  qualities 
of  nu  i.  raft,  cut  al:;o  tiieir  power  features.  This  is  caused  by  the  fact 
that  to  oi  tain  a  raft  at  some  elevation  over  the  ground  surface  both 
in  th»  h  verm,"  regr’n  an  well  an  during  flight  require  a  continuous 
power  cm  *  ay,  in  <■  air  nu.  t  be  continually  supplied  under  the  craft 
lotto .1  t\,  means  of  yet.,  form  the  air  cushion.  The  hovering  regime  is 
oni  of  ti  <•  ie  i,7i  regimes,  therefore  let  us  continue  for  this  case  the 
streaming  <  1  pets  over  tne  ground  surface  and  eotublish  a  relationship 
between  lift  produced  by  the  air  cushion,  the  geometry  of  the  nozzle 

installation,  und  the  aerodynamic  parameters  of  the  air  stream  fed  to 

the  nozzle. 

Let  tin  a  termim  tb«  lift  ol'  the  air  cushion  vehicle  [illegible]  a 
flat  no.  .  le  with  ncnnal  nozzle  cut-off.  For  this  purpose,  let  us  isolate 
a  section  with  length  1.  from  this  craft  by  using  two  parallel  cross - 
section;-  normal  to  t.,e  raft's  longitudinal  axis  (Pig.  1}2),  enclosed 
in  the  octroi  ontour,  and  apply  to  tf in  contour  the  equation  of  momentum. 
<*e  will  josi’ion  the  upper  and  side  boundaries  of  the  contour  at  a  distance 
from  thi  raft  it  wl  i>  1.  tie  vein  l ty  v  of  air  streaming  can  be  regarded 
an  zero,  and  t;.e  presnure  aim#  these  tioundaries  as  cons  ant,  equal  to 
the  atmospneri  preneur*  p  *,  .  «e  will  position  the  lower  boundary  of 
the  contour  in  direct  proximity  to  the  bottom  of  the  craft,  parallel  to 
the  ground  surface,  and  at  the  no/./. le  sections  —  in  their  cut-off  plane. 

Lot  us  p roje  t  onto  the  y  n*i»  the  forces  acting  on  the  craft  and 
on  the  surface  of  tin  isolated  contour.  The  forces  acting  on  the  lateral 
surfaces  >1  a  loop  an  normal  to  the  surfaces  and  their  projections  on 
the  y  axis  are  equal  to  zero.  Therefore  the  momentum  equation  for  this 
contour  in 


u  v-0:pM 


\  f 


K  >. 


1 3i? .  Control  contour  for  determining  the  lift  of  an 
air  cushion  vehicle  with  a  plane  nozzle  provided  with 

normal  cut-off 


)'  =.  2p/-  cos«p|  v]  db,  -f- 

b 

+  21.  cos *|  j  (p,  -  fO  db,  f-  /!,/.  (p.  -  pm).  (131) 

where  L  is  the  length  of  the  nozzle  slit;  and  B1  is  the  width  of  the  nozzle 
installation  jith  respect  to  the  inner  edges  of  the  external  nozzles. 


The  first  term  of  the  right  side  of  klq .  ( 1 3 1  ) 

b 

)  ,.  2|>/-  cos<j  j  v,  db. 


in  the  projection  on  the  y  axis  of  the  momentum  of  the  plane  air  jets, 
with  reference  to  the  nonuniformity  of  distribution  of  velocity  vx  at  the 

nozzle  exit,  that  is,  the  component  of  the  lift  due  to  the  reaction  ol 
the  air  jets.  The  second  term  of  the  right  aide  of  Eq.  031) 

b 

)'(  _  '21.  i  us'1  j  (/’.  PJ 


in  the  projection  of  the  pressure  forces  acting  in  the  nozzle  exit  plane, 
with  reference  to  the  nonuniformity  of  pressure  px  distribution,  that  is, 

the  component  of  the  lift  arising  from  the  forces  of  excess  pressure  in 
the  nozzle  exit.  The  laot  term  of  the  right  half  of  Eq.  031) 


Y'„  -  B,L  (p^-  P.) 


\o  the  projection  of  the  forces  of  excess  pressure  acting  at  the  craft 
bottom,  that  is,  the  component  of  the  lift  due  to  the  air  cushion. 

Let  un  express  these  forces  an  a  function  of  the  geometrical  quan¬ 
tities  of  the  nozzle  installation  and  the  aerodynamic  parameters  of  the 
air  jet  producing  the  air  cushion.  Let  us  use  the  equation  determining 
the  regularity  of  velocity  distribution  in  the  nozzle  exit, 


5  (' +  "i  sl"f) 


where  is  the  air  velocity  at  the  point  lying  in  the  nozzle  cut-off 

plane;  v  w  is  the  discharge  velocity  of  the  bounding  jetlet  at  the  outer 

edge  of  the  nozzle ^  [sic]  exiti  is  the  instantaneous  coordinate  of 

the  point  at  which  the  velocity  io  equal  to  v^;  and  <p  is  the  angle  of 

generatrix  inclination  of  the  plane  nozzle  with  respect  to  the  vertical 
axis  of  tin  craft. 

I(o p  1  h  inf  the  instantaneous  velocity  v^  in  llq .  (l}2)  with  its  exprea* 
nion  from  l-'q.  ( 1  V, ) ,  wo  get 


f*  j  |  \ 

i'p  -  2,.f-Z.cos.j  [  (l  +  b‘  simp)"1  '*  }dbs. 


The  integral  appearing  in  thin  equation  ia 


|(l  ‘ 


I  f  I  l  M.iq)(  I  -  I  -  (l  *-  -J-  sin  v) 


(l  +  iaTe) 


and  the  c<  •  f f icien t 


I  (if  J-mi  i«<)  ^  +  “"^ 


is  the  air  cushion  pressure  coefficient,  therefore  the  component  of  the 
lift  due  to  the  reaction  of  the  air  jet  exiting  from  the  nozzle  is 


y„  -  \ul  r 


ro»«f 
tin  <f 


[(if-  A  si  iUf)p  -  Asli'f] 
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(137) 


Let  us  express  the  lift  produced  by  the  forces  of  excess  pressure  in 
the  nozzle  cut-off  plane  also  in  term9  of  the  geometrical  dimensions  of 
the  nozzle  and  the  aerodynamic  parameter  of  the  air  jet.  The  total 
pressure  at  each  point  lying  in  the  nozzle  cut-off  plane  is  identical, 
and  by  Bernoulli's  equation, 


Then- fore,  Eq.  can  be  represented  as 


h 


w 


Heplaeing  the  integral  appearing  in  this  equation  with  its  value 
from  the  solution  and  using  Eq.  ( 1 56 ) ,  we  get  the  component  of  the 

lift  due  to  the  excess  pressure  in  the  nozzle  cut-off  plane 


K,-(2H  cos, I 


(138) 


13 


The  component  of  the  lift  due  to  excess  pressure  in  the  air  cushion 


?  1 

Y„  =  BXL  (p.  -  pj  -  BXL  =  ^Lp-?-  •  (139) 

*  1 
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The  total  lift  of  an  air  ouahion  vehicle  with  plane  nozzle 
Y  r  Y0  I  Y,  I  V,  anil,  by  tq3.  (157),  ( 1 5S ) .  and  (159), 


V-(2,icoS^2*Z.r^L_[(l+-S-s,n»)?- 

-  -j-stnip]  +fl,/.p)^. 


Denoting  the  overall  area  of  tl*c  nozzle  exits  by  F  ■  2bL,  and  the 
area  of  the  bottom  of  the  nozzle  insulation  bounded  by  the  inner  edges 
of  the  nozzles  as  -  B^L,  and  carrying  out  uncomplicated  transformations, 

we  ge  t 


/ 


CO*  ‘J 

2  |  sin 


\2  +(t  Sln,»')/>J  I  S.pjiy-. 


The  lift  of  an  air  cushion  vehicle  can  be  represented  an 

y  (Hf»> 

where  c  in  tnc  lift  oefficient;  13  is  the  characteristic  area  of  the 

y 

craft  nozzle  installation;  and  H  is  the  characteristic  pressure  in  the 
air  stream  producing  the  air  cushion. 

Adopting  as  the  characteristic  area  the  area  of  the  nozzle  installa¬ 
tion  bounded  by  the  external  exit  edge  of  the  nozzles,  S  ■  BL,  adopting 
an  the  characteristic  pressure  the  total  pressure  in  the  air  stream 
required  to  produce  the  jets,  H  -  ^vt'/2,  and  using  the  definition  ( 1 40 ) , 

we  derive  a  formulu  for  the  coefficient  of  an  air  cushion  vehicle  with 
a  single-pans  nozzle 


W  fie  re 


*  =  ‘  a --.Ini.  | 2  +  ( b}  + s,n  *)  p\  +  V- 

/=4  ;  s-  =  >- 


(141) 


The  first  term  ol  the  right  side  of  this  equation 


c**  •-  -  V  1  2TT^  [2  f  (  hb/B  +  Sl,"p)  P ] 
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is  the  component  of  the  lift  determined  by  the  momentum  of  the  air  Jet 
exiting  from  the  nozzle  and  by  the  pressure  forces  acting  at  ita  cross- 
section,  and  the  second  term  c^n  -  ^p  is  the  component  of  the  lift 

acting  in  the  air  cushion  over  the  section  of  the  craft  bottom  bounded 
by  the  internal  edges  of  the  nozzles. 

For  an  air  cushion  vehicle  with  a  single-pass  annular  nozzle, 
fcq.  (MO  becomes 

f  f  ‘ 2*t_  [2  +  ('I'?/  f-  sin<p^  p]  +  (l  -  £cos<p )p,  (142) 

c  2  t  kin  I  \  t/W*  .  J 

where  i.  -J  ^  |  COS(pjia  the  relative  cut-off  area  of  the  annular 


nozzle,  found  as  the  lateral  surface  of  a  truncated  cone,  whose  base 
perimeters  are  circles  formed  by  the  external  and  internal  edges  of  the 
nozzle. 

The  air  cushion  pressure  coefficient  appearing  in  Eq.  ( 1 42 )  is 


'-(■  *•»&«>*) 


The  depondenco  of  u  lift  coefficient  c  of  the  plane  nozzle  installa- 

y 

tion  with  normal  nozzle  cut-off  on  the  relative  elevation  h  for  different 

b 

relative  nozzle  exit  width  bR  and  constant  angle  cf  inclination  of  ita 

generatrices  4‘;°)  is  given  in  Fig.  When  the  nozzle  installation 

rests  on  the  support  surface  ( h/B  ■  0),the  lift  coefficient  c  ■  1.  Bis 

y 

discharge  of  air  from  the  nozzle  i3  absent  in  this  case  and  the  excess 
pressure  in  the  air  cushion  is  equal  to  the  total  pressure  fjont  of 
the  inlet  into  the  nozzle  installation. 


When  the  craft  rises  above  the  support  surface,  the  nature  of  the 
/ariution  in  the  coefficient  c^  is  predetermined  by  the  relative  nozzle 

exit  width  b/B.  For  small  b/b  values,  the  coefficient  c  decreases 

y 

rapidly  with  increase  in  elevation  h/B.  For  a  relatively  large  exit 
width  b/B,  we  have  maximum  values  of  the  function  c^  •  f ( ,  b^),  where 

with  an  increase  in  the  parameter  b/B  the  maximum  c  values  are  displaced 

y 

toward  the  larger  h/B  values. 


Fifi.  I'*}.  Lift  coefficient  c  of  plane 

nozzle  installation  with  normal 
nozzle  cut-off  an  function:?  of  rela¬ 
tive  elevation  h/B  for  different 
relative  nozzle  exit  width  b/B 


Fig.  154.  Lift  coefficient 

of  plane  and  annular  nozzles  aa 
functions  of  the  angle  (p  of 
inclination  of  nozzle  generatrix 
(dashed  curves  correspond  to  a 
plane  nozzle ,  and  continuous 
curves  —  to  an  annular  nozzle) 


The  lift  coefficient  c(  for  a  plane  and  an  annular  nozzle,  with 

J 

identical  exit  width  (b/D  -  b/D,/  -  0.01 )  as  functions  of  the  angle  of 
nozzle  generatrix  are  determined  by  Lqs.  (141)  and  (142)  and  they  are 
shown  in  Fig.  1 54.  Ah  we  can  see,  the  effect  of  ti.e  angle  <p  on  the 
oefficient  c  is  appreciable  for  3mall  angle  valueB  ( ■  0-45°)*  In  the 

When 


range  <{,'*  4  9-90  ,  the  coefficient  c  changes  only  slightly 

o  ^ 

f  -  60-80  ,  there  is  a  mildly  pronounced  maximum  of  c  values. 

y 


Calcula¬ 


tions  show  that  for  identical  exit  width,  the  annular  nozzle  has  a 
somewhat  larger  c  value  than  the  plune  nozzle. 


L'O.  Cruft  With  Oblique  Nozzle  Cut-off 

Let  us  examin  the  jjuneral  case  when  the  cut-offs  are  made  at  some 
angle  y  to  the  normal  nozzle  cross-section  (Fig.  I}1)),  assuming  as  earlier 
that  the  problem  itt  a  plune  one.  Let  us  isolute  from  this  air  cushioi 
vehicle  u  section  with  length  l  by  means  of  two  parallel  cross-sections 
normal  to  the  long.tudinal  axis  of  the  craft,  let  us  enclose  this  section 
in  the  control  contour,  and  to  this  contour  let  uo  apply  the  momentum 
equation.  We  will  arrange  tne  upper  and  side  bounds  of  the  contour  at  a 
distance  from  the  craft  for  which  the  air  streaming  velocity  v  can  be 
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assumed  to  be  zero,  and  the  pressure  along  the  boundaries  can  be  assumed 
to  be  constant  and  equal  to  the  atmospheric  pressure  .  let  us  draw 
the  lower  boundury  of  the  c  >ntour  in  ouch  a  way  that  its  first  section 
passes  in  direct  proximity  to  the  craft  bottom,  parallel  to  the  ground 
ourfuce,  the  second  lien  in  the  nozzle  cut-off  plane,  and  the  third, 
external,  passes  parallel  to  ground  surface  across  the  lower  nozzle 
edgeo. 

bet  us  project  on  the  y  axis  the  forces  acting  on  the  craft  and  the 
surface  oi  the  isolated  contour.  The  forces  acting  on  the  vertical 
surfaces  of  the  isolated  contour  are  normal  to  the  surfaces  and  their 
projections  on  the  y  axis  are  equal  to  zero.  The  forces  acting  on  the 
section  of  the  lower  surface  of  the  contour  projecting  beyond  the  outer 
edge  of  the  nozzle  are  equalized  by  the  forces  acting  on  the  upper  surface 
of  the  contour  corresponding  to  it.  Therefore  the  momentum  equation  for 
thin  contour,  in  accordance  with  the  notation  given  in  Fig.  1)5»  i® 
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Fig.  1)5.  Control  contour  for  determining  the  lift  of  an 
air  cushion  vehiclo  with  a  plane  contour  with  oblique 

cut-off 


when1  v  is  the  air  velocity  ut  u  point  lying  in  the  nozzle  cut-off  piano; 

y 

Px  in  the  static  pressure  at  thin  point;  in  the  air  eunhion  presBurc; 
p^  in  the  atmospheric  pressure;  1,  in  the  length  of  the  nozzle  installa¬ 
tion;  B,  is  the  width  of  the  nozzle  installation  bottom  bounded  by  the 
inner  edf-vn  of  the  nozzles;  <p  is  the  angle  of  inclination  of  the  nozzle 

genorutrioes  to  the  craft  axis;  and  "yr  is  the  angle  between  the  cut-off 
and  the  normal  nozzle  crons-section . 

The  lift  of  the  craft  in 

VUM 

>'  —  cySHc  —  cjS  , 

where  c  in  the  lift  coefficient;  S  is  the  overall  urea  of  the  nozzle 

y 

installation;  and  H  is  the  total  pressure  in  the  air  stream  in  front  of 
the  nozzle  installation. 

Lq.  ( 1451,  with  reference  for  the  expression  for  Y,  will  become 
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In  ire;  the  equutior 


1  t-  mu  (9  -  4) 


il  (  »l-  ft  u»  ♦ 

•It.  (»-♦) 


determining  the  distribution  of  velocity  in  the  nozzle  cut-off  plane,  and 
•onnidering  that  the  pressure  din tribu tion  in  the  nozzle  cut-off  plane  is 
<  x pressed  oy  ti.e  function 


£.•  _  j _ /  \  • 

I*’  V  vH  )  ' 


we  (tan  repi-e3<  nt  the  lift  component  appearing  in  the  fcq.  (144)  by  the 
following  expressions. 


The  lift  component  clue  to  the  reaction  of  uir  jets  exiting  from  the 
nozzles  in 


y  2p L  co*  <f  co*  4> 
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where  p  is  the  air  cushion  pressure  coefficient!  t  -  1  -  e  1  3 

F  ■  2bLg  is  the  relative  nozzle  exit  areaj  and  k1  and  are  the  coeffi* 

cient  of  proportionality; 


(1  It  _  i  _l  A  >9  — t) 

A'»  -  “1 .Tw'-*)  *  T  ’  tot* 


The  component  of  the  lift  coefficient  arising  fron  forces  of  excess 
pressure  at  nozzle  cut-offs  is 


rf  =  [  (/>,  -  p.)  dx4  = 
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The  component  of  the  lift  urising  from  pressure  forces  of  the  air 
cushion  acting  at  the  bottom  of  the  nozzle  installation  is 


Y„  BtL  p,-ph  S,  -  _  r.  p 
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The  lift  coefficient  of  an  uir  cushion  vehicle  with  a  plane  nozzle 
installation  that  has  oblique  nozzle  cut-off  i3 
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The  first  term  of  the  right  side  of  this  equation  is 
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which  in  the  component  of  the  lift  due  to  the  reaction  of  air  jets_and  to 
excess  pressure  forces  at  the  nozzle  cut-offs.  In  these  formulas  P  is  the 
overall  relative  nozzle  flow-through  area.  The  total  nozzle  cut-off  area 
is 


r( 
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(147) 


As  applied  to  an  air  cushion  vehicle  with  a  Dinglo-paas  annular 

nozzle ,  hq .  (  Mh  )  becomes 
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where  V  i.;  the  cut-off  area  of  the  annular  nozzle [ 
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The  lift  coefficient  of  a  single-pasa  annular  nozzle  as  functions  of 
t:.e  cut-off  angle  for  different  relative  elevations  h/D  h  is  shown 
in  i’i/.  'in.  These  functions^  I  (HP.,  l<  Dh>  '!’)  were  calculated  by 


hq,  (l/,0)  lor  onstant  angle  of  nozzle  generatrix  inclination  ( (pm  45°) 
and  for  n  relative  nozzle  exit  vidth  b/Dw  »  0.00^*0.02.  The  nozzle 
installation  with  normal  nozzle  cut-off  ('Y »  0)  has  the  smallest  lift 
(.•(^efficient.  As  the  angle  y  is  increased,  the  coefficient  c  increases 

and  takes  on  the  largest  value  when  y  -  ,  which  corresponds  to  a 

nozzle  installation  with  horizontal  nozzle  cut-off.  The  appreciable 
effect  of  the  angle  Y  on  the  coefficient  c  becomes  evident  at  relatively 

y 

small  elevations  cf  the  nozzle  installation  above  the  oupport  surface 
(h/L^  ^  '-0.05),  that  is,  elevations  that  are  typical  of  transport  air 

cushion  vehicles. 
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Fig.  1 3t> .  Lift  coefficient  of  a 

aingle-paaB  annular  nozzle  as  functions 
of  elevation  for  different  nozzle  exit 
widths  and  different  cut-off  angles 


1 / 


Fig.  157.  Control  cor'  r  for  determining  the  lift  of  an 
air  cushion  vehicle  wi  ..  a  plane  contour  provided  with 

horizontal  cut-off 


?1.  Craft  With  Horizontal  Nozzle  Cut-off 


To  determine  the  lift  of  an  air  cushion  vehicle  with  a  nozzle  installs 
tion  having  exit  edgeo  lying  in  the  plane  of  the  craft  bottom,  let  us 
iaolutc  a  oection  of  length  L  from  this  craft  by  means  of  two  parallel 
crona -nee  lions  normal  to  the  craft's  longitudinal  axis.  Let  ue  enclose 
nection  L  in  u  control  contour  {Pig.  1}7).  We  will  arrange  the  upper  and 
aide  boundaries  of  the  contour  at  a  distance  from  the  craft  for  which 
the  air  ntreaming  velocity  can  be  taken  as  zero,  and  the  pressure  along 
the  boundurien  ho  constant  and  equal  to  the  atmospheric  pressure  . 

We  will  position  the  lower  boundary  of  the  contour  in  direct  proximity  to 
the  cruft  bottom,  parallel  to  the  ground  3urfac». 

l/.“  t  un  project  onto  the  y  axia  the  forces  acting  on  the  craft  and 
tin*  surface  of  the  isolated  contour.  The  forces  acting  on  the  lateral 
surfaces  of  a  contour  are  normul  to  the  surfaceo  and  their  projections 
onto  U.t  y-y  axis  art-  <'quul  to  zero.  Therefore  the  equation  of  momentum 
for  this  mi  tour,  in  accordance  with  the  notations  given  in  Pig.  1 37 •  will 
become 

.'|.f  j  vidx%  }-  2L  j  ip,  —  p„)  dx%  -f  HXL  (p,  —  pm). 


Let  us  oxpn  lift  and  its  components  as  a  function  of  the 

i1'1 1  me  t  r  1 '  a  J  (uantiii.  f  the  nozzle  installation  and  the  aerodynamic 

parameter,  of  trie  ai:  t.  produ  inp  the  air  cushion.  For  this  nozzle 

innta  1  la  t  j  on  trie  v<  l  i  ' .  in  )<t  in  the  noz/le  cut-off  plane  is 

II  I  du  %>  a  i. 


ana  trie  pressure  field  in 


?!.'•  an  .usriion  pressure  coefficient  is 


( ) 


(1  i  km  )  cm 


'/h 


— ■■■,  -  -  -  ■ 


. .  '  -  ■  ■  - - -  - - 


. . . 


T 


For  each  nozzle  the  exit  width  x„  -  x^  -  b/cos-y,  the  total  flow- 
through  areu  F  »  ?bL,  and  the  relative  total  flow-through  area 


The  component  of  the  lift  due  to  the  reuction  of  the  air  Jet  io 


iV'“  c  o  •  * 


j 

.  p»;  j 


2pi£  toi:<P 

p>i 

2* 


*•'  col* 


j 


co,t  . 

c  dx*. 


Integrating  thio  equutiun  and  making  the  appropriate  cube titutiona , 
we  get 


—  hi-  c0>  f  “ 

r‘'p  ~  b/h  '  I  f  sin  <p^‘ 


The  component  of  the  lift  due  to  the  forces  of  exceaa  pressure 
acting  at  the  nozzle  cut-offs  is 


i  -  - 

01  _  .  1  COI  If 

-k  J  (■-(*)>.- 

c  —  o 
2 


After  nolution  and  uncomplicated  transformations,  we  get 


ly‘  ~  uni)’  i 


I 

(I  I-  Mil  h! 


wJ  • 


1  vv 


The  component  of  the  lift  due  to  the  reaction  of  air  jets  and  excess 
pressure  forces  actinr  at  the  nozzle  cut-offs  is 

2  cot1  'f  -  _£_  \ 

cvv<  ~  cyp  r  \  ^  I  i  im  <f  2 b/h  )  ' 


The  component  of  the  lift  arising  from  forces  of  excess  air  cushion 
pressure  acting  at  the  bottom  section  of  the  nozzle  installation  is 


1  v« 


=  S,p. 


The  lilt  coefficient  of  a  nozzle  installation  with  horizontal  nozzle 
nit-off  is 


Wnen  tin-  ungle  of  nozzle  generatrix  inclination  <f>  •  4‘p0,  clq.  (149) 

!*•  Ollil'il 


1  t-SlP. 


Kor  an  uir  cushion  vehicle  with  a  single-pass  anhular  nozzle, 
14.  (l/,9)  becomes 


M  1  r 


h  um 


wnere  K  is  the  relative  cut-off  area  of  the  annular  nozzle, 


/  _  4 _ !l _ (1  .  Ji _ \ 

7j„  cos  if  \  Ijk  coi  <('  )  ' 


The  air  cushion  pressure  coefficient  appearing  in  Kq.  (1^0)  is 
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When  Rqn.  (M9)  and  (ibO)  arc*  U3«*c1 ,  it  must  bo  remembered  that  they 
un*  real  when  con  >  h/l)^.  If  con  <p «*  2b/DM,  the  internal  wall'?  of 

the  nozzle  apparently  convo rgo  to  a  single  point  lying  in  the  center  of 
the  nozzle  bottom,  und  the  aren  of  the  bottom  of  the  nozzle  installa¬ 
tion  bccomoo  equal  to  zero.  When  coo  <p£.  2b /Dw  ,  Eqo.  (M9)  and  (l|jO) 

become  meaningless,  aince  the  conditione  atipulated  in  the  derivation  of 
the  lift  equations  are  violated. 

The  lift  coefficients  c  of  a  3ingle-pas;i  annular  nozzle  aa  functions 

y 

of  relative  elevation  h/D>,  of  a  support  surface  for  variouo  relative 

nozzle  flow-through  widths  b/Dw  and  for  the  nozzle  generatrix  inclination 
angles  -  0,  50,  4t>,  and  b0°  are  giver,  in  Pigs.  158-14M  respectively. 
Pig.  142  compares  the  functions  c  -  f(h/D„)  for  different  angles  of 

y 

inclination  for  a  nozzle  with  rolntivc  widths  b/D„  *  0.01  and  0.1. 

If  the  nozzle  installation  rests  on  the  support  surface  (h/D„»  0), 
lift  coefficient  c  -  1.  With  increase  in  the  relative  elevation  h/D#  , 

y 

the  coefficient  c  begins  to  depend  on  the  anf'le  f  of  nozzle  generatrix 

y  q 

inclination.  Por  small  angles  of  inclination  (f  <£.45  )»  we  have  optimal 
values  of  the  relative  elevation  h/D^  of  the  nozzle  installation  at 

which  the  lift  coefficient  takes  on  maximum  values,  where  0  '>  1 . 

’  y  max 

The  c  values  are  the  greater,  the  larger  the  relative  width  b/Dw  of 

y  max  '  n 

the  nozzle  flow-through  section.  Por  appreciable  angles  of  generatrix 

inclination  (£>> 4b°),  the  lift  coefficient  decreases  with  increase  in 

elevation  and  does  so  more  rapidly,  the  smaller  the  flow-through  width 

of  the  nozzle.  Here,  c  1 . 

y 

The  coefficient  c  of  a  single-pass  annular  nozzle  for  small  values 

y 

of  b/Da  and  for  the  same  elevation  h/Uw  increases  with  increase  in  the 

angle  <p  ,  and  for  large  b/Dw  values  it  decreases  (cf.  Fig.  M2).  This 

is  due  to  the  variation  in  the  ratio  of  the  lift  components,  determined 
by  the  reaction  of  a  jet  and  by  the  excess  pressure  in  the  air  cushion. 


To  verify  tne  proposed  method  of  calculating  the  lift  of  an  air 
uahion  vehicle  in  the  hovering  regime,  an  experimental  study  was  made 
of  lift  by  measuring  it  directly  with  a  graphometric  technique.  The 
experiments  were  conducted  with  three  annular  nozzles  with  angle  of 
generatrix  inclination  <p  -  4b°  and  with  flow-through  widths  b  ■  8,  20,  and 
40  mm,  with  the  identical  inside  diameter  of  the  nozzle  bottom  Da  •  400  mm 
(Pig.  M5).  To  theBe  parameters  corresponded  the  b/D*  values  of  0.0189, 
0,0458,  und  0.0780.  The  nozzles  were  machined  on  a  lathe,  and  the 
surface  of  the  walls  of  the  flow-through  section  was  polished. 
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Ki<;.  l<14.  Theoroti  .ul  und  expi  rimental 
dependences  of  tl  lift  coefficient  of 
annular  single- paan  nozzles  on  parameter 


A  1  )  Tin  diameter  tnetaJ  (link,  nerved  us  the  shield  over  which  the 
annular  j.  t  of  air  streamed.  The  side  of  the  disk  facing  the  jet  waa 
made  smooth,  and  tn<  other  side  was  provided  with  stiffne83  riba  and 
special  hinges  for  annular  strain  /’auger..  This  diak  aerved  two  functional 
it  modeled  th*-  support,  surface  and  ..imul  taneously  served  aa  a  three- 
lomponent  strain  guu ty  instrument  fo”  measuring  the  nozzle  lift,  equal 
to  the  pressure  force!)  of  the  annular  jet  and  the  air  cushion  at  the 
shield . 

On  an  experimental  stand  tne  nozzle  inntallatlon  and  the  shield 
-ere  positioned  coaxially,  and  the  vertical  surface  oi  the  shield  waa 
positioned  in  parallel  to  tne  plane  of  the  nozzle  bottom.  The  shield 
hearing  the  unnular  strain  guug<  s  cun  he  snifted  along’  ito  axis  on  two 
yi  .ndri  ill  guides  and  se  ured  at  various  distances  from  the  plane  of 
tie  bottom  oi  the  annular  nozzle  tested,  which  corresponds  to  different 
■  lc-vati  t  ",  r . f  to.  craft  ai-ovo  tin-  /'round  surface.  The  pressure  force  of 
the  annular  jet  at  'In  :  nic.u,  equal  to  the  lift  acting  at  the  nozzle 
mntallat  i  r.,  was  let.  ■  m  :  by  the  deformation  oi  the  unnular  strain 
/'iiu|.v:,  n.  u  ,n  wj'n  .  .p.  ini  instrument  —  an  electronic  strain  meter. 
Invest  i,. a  ti  ms  (.1  toe  lift  were  on  »u  -  ted  at  a  modert  te  discharge  velocity 
f  air  issuing  from  the  annular  nozzles  vtp  ■  jO~Ij  m/sec. 


The  ;  tand  layout  and  to.  description  are  given  in  Section  6. 


1 H. 


1 


Fig.  14*>.  Control  contour  for  determining 
the  lift  of  an  air  cuohion  vehicle  with 
horizontal  nozzle  cut-off 


The  results  of  theoretical  calculations  of  the  lift  of  an  air  cushion 
vehicle  in  the  hovering  regime  were  compared  with  experimental  values 
(Fig.  M4).  The  theoretical  curves  wen*  calculated  baaed  on  Eq.  050), 
while  the  experimental  curves  wore  obtained  by  measuring  the  lift  with 
a  gravimetric  technique. 

Experiments  showed  that  the  proposed  method  of  calculating  the  lift 
(agrees  closely  enough  with  experiment.  At  small  elevations  (h/D^«  0.02- 
0.04),  the  difference  be  tween  the  data  of  calculation  and  experiment  does 
exceed  ‘j— 7  percent  of  the  calculated  value  of  the  lift,  while  for  large 
elevations  (h/D«  »  0.06-0.00),  it  is  even  reduced  to  2m*  percent  of  the 
calculated  c  value. 

y 

42.  Craft  With  ansulur  Nozzle 

1/  t  us  find  the  functions  determining  the  lift  of  an  air  cushion 
vehicle  provided  with  an  annular  nr  .zle  and  let  us  estimate  the  effect 
of  axial  symmetry  of  the  jet  on  the  lift  of  u  nozzle  installation  with 
horizontal  nozzle  cut-off. 

Suppose  y  axis  is  the  axis  of  symmetry  of  this  kind  of  craft 
(Fig.  14l).  Let  us  isolate  some  large  enough  cylindrical  region  encom¬ 
passing  trie  craft,  whose  boundaries  are  beyono  the  limits  of  the  perturbed 
section  of  the  air  streams  entering  and  leaving  the  craft.  The  latertl 
and  upper  surfaces  of  the  cylindrical  contour  will  be  positioned  at  a 
distance  from  the  craft  for  which  the  velocity  of  uir  streaming  toward 
the  craft  can  be  regarded  a3  zero,  and  the  pressure  cai  be  taken  as 
equal  to  the  atmospheric  value.  We  will  position  tne  lower  aurfaco  of 
the  contour  at  the  cut-off  level  of  th<-  annular  nozzle  in  parallel  to 
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the  ground  surface.  Hy  projecting  onto  the  y  axis  the  forces  acting 
on  the  cruft  und  at  the  surface  of  the  inolated  contour,  let  ue  write 

'• 

*  •’  »s  .’.i  [prttr  -  .1  H'i  (/>«— /O. 


wh<  re  Y  is  the  lift  due  to  the  reaction  of  the  annular  jet; 
P 


Y„  -  2np  cosV 


'I 


v,r  dr, 


(151) 


Y  in  the  lift  produced  by  the  pressure  forced  in  the  nozzle  cut-off 
plane 


) ’c  -  2.i  J  p.rdr  —  n  (r]  —  r\)  pM\  (152) 


ana  Y  is  th>  lift  lu<  t<  the  excess  pressure  in  the  air  cuahion  acting 
a  t  tin  ric  1 e  no  t  Uiii ; 


Yn  -  /|(/),  -pj 


(153) 


Let  ia  i.  xpr*-:i n  these  forces  as  a  function  of  the  geometrical  quan¬ 
tities  of  the  nozzle  installation  and  the  aerodynamic  parameters  of  the 
air  jetc  producing  the  air  cushion,  "lie  velocity  field  in  a  jet  at  the 
nozzle  cut-off  as  applied  to  this  nozzle  installation  can  be  expressed 
in  the  form 


\ 

t 


—  (1  .  ».ii  H  I  c«<»  <4 


(154) 


where  v  is  the  air  velo  ity  at  a  point  lying  in  the  nozzle  cut-off  plane 

(with  coordinate  r)j  v((  is  t/c  uiMciiurgo  velocity  of  the  boundary  jetlet 

at  the  ou  ter  i  dgi  iif  thi  i.  .  1 1  exit;  r  ia  the  coordinate  of  a  point 
^  y  in ,  ir  tne  nozzle  cut-off  plane  at  which  tie  velocity  is  v^j  is  the 

radius  o!  the  nozzle  installation  determines  with  respect  to  the  external 
i  hr  of  the  nozzle  exit;  n  i:  tno  distance  between  the  nozzle  cut-off 
an  i  tlw  ground  nurl'as  ;  and  j  ah  t ne  angle  oi'  nozzle  generatrix  inclina- 
ti  in  to  the  craf  t  ax  m . 
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Replacing  velocity  v^  jn  I/}.  (1‘)')  with  Hn  value  from  Lq.  ( 1 1>4 ) y 
we  can  write 


Yp  =  2npvl  cos-’(f  j  rc 


'f  (l-fiint)  coiif 


dr. 


Jolving  the  integral  appearing  in  this  equation,  we  get 


1 « 
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[r*_r‘  +  (ri“Tin 


(H  llnf)  coif 

*  dr  — 


2(1  f  tin  if)co»<p 


v  sin  <j)coiH' 


(I  +  ilnf)Colt\ 
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Considering  that 

b 

-  u.ss  * 

and  the  air  cushion  pressure  coefficient  io 
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.  (156) 
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2  — —  (I  t  unilrotf 


dr  =  — ' 'b*  "  x 

<  (I  r  iin  <i )  cos1  if  N 


•  2fe  D.  |  (cos -  2b  D„-  - JL 
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Sill  If 
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(157) 


Ihen  lift  due  to  the  reaction  of  tne  annulur  jet  io 


n  rrrir,  I21’0- 1-  (<•>*  -  25/o. -  rrSr»H  ~r 


(158) 


1  (i‘ 


Let  u3  express  the  lift  produced  by  the  pressure  forces  in  the 
nozzle  cut-off  plane  and  also  an  a  function  of  the  geometrical  quan¬ 
tities  of  the  nozzle  installation  and  the  aerodynamic  parameters  of  the 
air  jets.  The  total  pressure  at  each  point  lying  in  the  nozzle  cut-off 
plane  is  constant  and  by  Bernoulli’s  equation 


f">‘,  „  ,  P vl 
P,  +  —f  -  P*  +■  ~2~ 


Therefore  Eq.  ( 1 )  determining  the  lift  becomes 


>'t  =  2n  j  (  pH  f  rdr-  n  (r\  -  r})  p„  = 


n  (r;  -  r\)  -y  -  npi 


[re 


Keplu-ing  th«  integral  appearing  in  thin  expression  with  its  solution 
( *  V/ )  and  carrying  >ut  the  required  transformations,  we  finally  get 


j  *n,h  ",  /,  i'  r>. '  <*•;  _  D . 
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Th<-  iift  duo  to  the  action  of  excess  air  cusi  ion  pressure  at  the 
nozzle  bottom,  with  reference  to  Lqs.  (1^),  (l^J,  and  (156),  is 


I*1’;  * 

2 


Then  ny  Eqs.  (1‘d)),  (160),  and  (l6i),  the  lift  of  an  air  cushion 
vehicle  with  oingle-paso  annular  nozzle  ia 


186 


(162) 


Y  =  (f,  +  4  -£■  -f  [(cos«p  -  26/D„  - 

“  TTTmv)  2/,/D"*S  +  S>]  **)  T ' 

where  F  io  the  nozzle  exit  (cut-off)  area, 
c 

r  _  nDib  D»  (  i  UD*\. 

r‘  COl<f  \  co\<f )' 

io  the  area  of  the  bottom  bounded  by  the  internal  nozzle  edge, 


S, 


*Dl  (  ,  2 b/0Hy. 

4  \  cos  if  / 


13  io  the  area  of  the  nozzle  installation  with  reopect  to  the  outei 
nozzle  edges, 


k  in  the  coefficient  of  proportionality, 


2  cos*  ¥  ^ _ 

"  —  (I  ,  sin  if)  cos*  V 


Let  us  establish  yet  another  relationship.  We  will  determine  the 
total  energy  of  a  jet  as  it  exitB  from  a  nozzle,  with  respect  to  the 
volume  flow  in  one  second,  that  is,  we  will  find  the  total  pressure 
required  to  produce  a  jet  with  specified  noruniform  velocity  and  pressure 
distribution  in  the  nozzle  cut-off  plane.  If  we  neglect  the  forces  of 
friction  of  the  jet  aguinbt  the  nozzle  wall,  the  total  pressure  of  the 
jet  at  the  nozzle  cut-off,  equal  to  the  total  pressure  in  the  receiver 
in  frunt  of  the  nozzle,  io 


U 


u 


1L7 


The  kinetic  energy  of  a  Jet  in  the  nozzle  cut-off  plane  is 


pt»,2nr  cos  9  dr  =  npco*9 


} 


t£rdr. 


Replacing  the  velocity  vf  with  its  corresponding  value  from  Eq.  (154) 
and  integrating,  we  get 


e,  =  npe;  cos<p 


]r.«"3 


O+tlBf)  eo*f 


dr  i 


P°. 


3  (I  +  «inf)co*9 

2  4-  (cos,,  _  2  -  yfiTlhTej)  x 

/  -*-r-  o-’rMBtAl 

x  \  1  —  e  *  jj. 


(164) 


The  work  done  by  the  pressure  forces  in  the  section  from  the  nozzle 
cut-off  to  the  jet  exiting  into  the  atmosphere  is 


=  Jo»,-P,)dQ=  j  (p,-p,)2nro,c0S9dr. 


Using  Eqs.  059)  and  (154)  and  integrating,  we  find 


!'Dif'/D*v*  (*l 


(I  -»  sin  <f)cos?  2 


2  ^  f  (cos,  +  2  -  7raa_)  x 


e)  co*f 


*  nr  [2  -£■ +  (cos'1' -i~k~  w +?»«) x 


(185) 
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The  volume  flow  of  uir  in  one  second  is 


After  replacing  the  values  of  t  ,  (■  ,  and  ^  found  by  Eqs.  (164), 

ic  n 

(165),  and  (166),  in  Eq.  (16$)  we  get 


(167) 


Thus,  the  theoretical  total  pressure  required  to  produce  the  annular 
jet  forming  the  air  cushion,  when  excess  pressure  is  present  at  the  inner 
side  of  a  Jet,  is  equal  to  the  dynaaic  pressure  of  the  stress  determined 
from  the  velocity  v  of  the  bounding  jetlet  at  the  external  aide  of  the 

jet  with  atmospheric  pressure.  Eq.  (167)  allows  us  to  write  the  follow¬ 
ing  formula  for  determining  the  lift  as  a  function  of  the  geoaetrical 
parameters  of  a  nozzle  installation  and  the  total  air  stream  pressures 

+  [(cos»  — 2^-T^f1JT)2^-*S  +  S,]p|H,.  (168) 

Bearing  in  mind  that  Y  -  c  SH  ,  we  get  the  lift  coefficient  of  a 

y  c 

craft  with  a  single-pass  annular  nozzle 


I 


S,  is  the  relative  area  of  the  bottom  of  the  nozzle  installation 
bounde  by  the  inner  edge  of  the  annular  nozzle, 


~  S  ~  nr1  \  c otfj 


The  component  of  the  lift  coefficient  due  to  the  jet  reaction  ia 


*-f [2  £  +  ('«*  -  2  ir  ~  ttst)  A  •  <l70> 


The  component  of  the  lift  coefficient  produced  by  the  pressure  forces 
in  the  nozzle  cut-off  plane  is 


-  _ 4  /  •  _  4  \  _ 

**  co»  f  \  cot  <p  / 


TT TmvMT  [2~k  +  (cos<f) " 2  ~k  ~  V'+ 3« f)  ~p]  •  <,7,> 


The  component  of  the  lift  coefficient  due  to  the  forces  of  the  air 
cusnion  pressure  against  the  bottom  of  the  nozzle  installation  is 


=  ('- 


Results  of  theoretical  calculations  of  the  lift  coefficients  and  its 
components  based  on  Eqs.  069)  and  070)  -  ( 1 7 1 )  for  a  single-pass  annular 
nozzle  with  angle  of  generatrix  inclination  45°  are  presented  in 
Figs.  146-149.  respectively.  These  results  are  given  in  the  for*  of  the 
coefficients  c  ,  c  c  ,  and  c  as  functions  of  relative  elevation 

y  yp»  y®  y^ 

h/dH  of  the  craft  of  the  ground  surface  for  different  relative  nozzle 

exit  width  b/D„.  As  we  cun  see,  for  small  elevation  the  pressure  foroes 

acting  at  the  craft  bottom  are  the  principal  forces  lifting  the  craft 
into  the  air.  The  vertical  component  of  the  reactive  force  of  the  jet 
in  this  case  is  small.  With  increase  in  elevation,  the  pressure  forces 
acting  at  the  craft  bottom  become  less,  while  the  reactive  force  increases. 
An  increase  in  the  relative  flow-through  width  of  the  nozzle  installation 
for  the  same  elevation  leads  to  a  very  marked  increase  in  the  component 
of  lift  due  to  the  reaction  of  the  annular  jet. 
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Fig.  146.  Lift  coefficient 

as  functions  of  relative 
elevation  h /D*  of  craft  for 
different  relative  flow-through 
widths  o/D*  of  annular  nozzle 
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Fig.  M7>  Component  c  (due  to 

reaction  of  annular  jet^  of  lift  as 
functions  of  the  parameters  h/D*  and 
b/D*  (  f-  45°) 


A  comparison  of  results  from  calculating  the  lift  coefficients  of 
a  single-pass  annular  nozzle  based  on  £q.  ( 1 69 ) •  derived  with  reference 
to  the  axial  symmetry  of  the  annular  jet  and  based  on  the  formula 

||2  COi>  If  —  I 


Fig.  M8.  Component 


(due  to 


pressure  in  the  nozzle  cut-off 
plane)  of  lift  coefficient  un 
functions  of  parameters  h/Dw  and 
b/D*  (f-  4b0) 


Fig.  1 49 •  Component  c  (due  to 

jr  n 

pressure  forces  at  craft  bottom) 
of  lift  coefficient  as  functions 
of  parameters  h/Dw  and  b/Dj, 

(f-  45°) 


obtained  for  a  plane  nozzle  and  extended  to  the  case  of  an  annular 
nozzle,  uffords  the  conclusion  that  both  formulas  yield  nearly  identical 
numerical  values.  Thun,  in  the  ranges  of  variation  of  parameters 
b/D#  -  0.001-0.1,  h/ Dh  -  0-0.1,  and  f  •  0-49°  observed  in  practice,  the 

values  of  the  coefficient  differed  by  not  more  than  0.1  percent. 

Considering  the  simplicity  of  the  solution  and  the  quite  satisfactory 
convergence  of  calculation  results  with  experimental  data,  we  can  recom¬ 
mend  Lq.  (175)  for  practical  use  in  determining  the  lift  of  plane  and 
contour-closed  nozzle  installations  with  horizontal  nozzle  cut-off. 


23.  Craft  With  Double-Pass  Nozzle  Installation  Provided  With  Horizontal 
Nozzle  Cut-Off 

Lift  of  a  plane  nozzle  installation.  Let  us  determine  the  lift  of 
an  air  cushion  vehicle  with  plane  double-pass  nozzle  installation 
consisting  of  an  annular  external  nozzle  and  internal  nozzles  —  stability 
nozzles.  Let  ua  examine  the  general  case  when  the  internal  nozzles  differ 
from  the  external  both  in  the  flow-through  width  and  by  the  angle  of 
generatrix  inclination,  as  well  as  by  their  height  relative  to  tho  plane 
of  the  bottom  of  the  nozzle  installation  (Fig.  I^O). 
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Pig.  1!>0.  Air  cushion  vehicle  with  twc~ 
pass  nozzle  installation  with  horizontal 
nozzle  cut-off 


Let  us  determine  the  lift  for  this  nozzle  installation  as  the  sum 
of  components  acting  on  its  individual  structural  members! 


r  =  Kw  +  K4l  -HK(ll  +  K,.  +  K,J  +  K)ll 


or  in  terms  of  the  lift  coefficients: 


Y  —  c^SH,  —  (ckPl  +■  -f  c^,  f  cyPl  -f  Cyti  ■+•  c„t)SHt. 


Let  us  express  the  lift  coefficient  and  itB  components  in  terms  of 
the  geometrical  parameters  of  the  nozzle  installation,  the  elevation 
above  the  support  surface,  and  the  aerodynamic  parameters  of  the  sir 
stream  supplied.  In  the  derivation,  let  us  take  account  of  the  non- 
uniformity  of  velocity  and  pressure  distribution  in  the  cut-off  pla'iss 
of  the  external  and  internal  nozzles. 

Let  us  employ  the  following  equations  determining  the  distribution 
of  velocity  and  pressure  in  the  nozzle  cut-off  plane. 

For  the  external  nozzles,  we  have 


Va  —e  *  «  "• 
Vm 


■  "I 


For  the  Internal  nozzles,  we  have 


and 


y>  ‘<t  i 


— • — -  (I  I  »tn  v.) 

b§ 


Pm  —  P« i 


2 


V *ft  »»f>! 
*#-•«  *• 


O  +  tin  f,) 


Conn idc ring  that  the  coordinate 


*•*  ~  x"  co*fT  • 

the  general  flow-through  area  of  the  external  nozzles  is 

r,  2 V-:  , 

the  relative  flow-through  area  of  the  external  nozzles  is 

/,  fs'-  O76* 

and  the  dynamic  pressure  of  the  bounding  jet  issuing  from  the  external 
nozzle  is  equal  to  the  total  pressure  of  the  air  stream  flowing  into  the 
nozzle  installation,  that  is, 

(,77) 


(174) 


(175) 


the  component  c  1  can  be  represented  as 

F,  co»t,  - 
C*pl  ~  '  I  •-  tin  Vt  Pt‘ 


The  component  of  the  lift  coefficient  due  to  the  forces  of  excess 
pressure  acting  at  the  external  nozzle  cut-offs  is 


\  2L(pl~pH)dx%l 

c _ Ys>  _  _j n _ _ 

“  SH<  W, 


Using  Eqs.  (174)  -  (177),  we  find 


The  overall  component  of  the  lift  cooff ioiont  due  to  the  forces  of 
pivonure  uguin.it  the  nut-offn  of  the  external  no../.)en  and  the  reaction 
fornoa  of  the  jo  to  io 

t,  I  i  i  2  trn*H, -  I  Pi  \ 
cw**  —  '  *  1 


The  component  of  the  lift  due  to  the  pressure  forces  of  the  air 
cushion  over  the  sections  of  the  bottom  bounded  by  the  external  and 
internal  nozzles  is 

c V"  ~  Sli<  L  Sll,  F  .  1 

where  b,  la  the  relutive  urea  of  the  sections  of  the  bottom  of  the  nozzle 
inatallution  lying  between  the  external  and  internal  nozzles, 


\ 


•  !«.,  *.,»  I 

s 


(irn) 


The  component  of  the  lift  due  to  the  reaction  of  the  air  jets  flowing 
l  rom  th<  internal  no/.^les  ia 


cyf>-  —  ~sr[-  ~  ~siu~  )  C0S  <P:  V*  dX*J  = 

Vpi-iLco»3«f2  f 
Wt  /  e 


a*  fji  f  *, 

-  2  -*  ■  J-L  (I  )  tin  v.l 


dx^ .. 


bince  the  overall  flow-through  area  of  the  internal  nozzlesis 


rt 


2b,L, 


(180) 


the  relative  flow-through  urea  of  the  internal  nozzles  is 

T,  =  lt‘  (•»') 

and  the  coord ina tea  are 


XHl  ~  Xf 


b*  anu 

COJ  «f, 


-f  6| 

x,z  ~~  *♦  ~~  CO*  f , 


19b 


Thun,  the  lift  coefficient  of  an  air  cushion  vehicle  with  a  plane 
two-oontcur  nozzle  installation  provided  with  angles  of  generatrix 
inclination  of  the  external ^  and  internal  nozzles,  the  flow-through 

width  b1  and  b^,  respective  1/,  and  different  placements  of  noszlea  with 

respect  to  the  height  of  the  nozzle  installation,  ia 


,  a  _A_  ( |  ,  2cOTtL>~* _ gi— \  + 

»  cos  <p,  \  r  I  f  I  20,/n,  /  ' 


where 


Pi  —  1  —e 


0  *  lin*,) 


.  ■ 

i  —  i*  i  *■ 


\  h,  »  r  Vi  / 


Th*'  parameters  Fj ,  i>1  ,  and  3^  appearing  in  Lq.  (18})  are 

determined  in  accordance  with  the  adopted  nozzle  installation  geometry 
based  on  rlqn.  ( 1  '/*> ) ,  ('Hi),  (179),  and  (182). 

When  <p 1  ■  f .  m  /J9°,  Eq,  (18$)  becomes 

<„  —  /■,)  2  -+•  1 3 1  2  +  S,Pi  4-  S*P*.  (186) 

and  when  <p ^  -  }0°,  we  have 


1 _ )  J. 

3  26,/*,  I 


•  rf-ti+-r^bs»+sji, 

Experimental  data  are  compared  in  Fig,  1|>1  with  the  results  of 
theoretical  calculations  of  the  lift  coefficient  for  a  two-pass  annular 
nozzle  with  angle  of  generatrix  inclination  ^  -  <p^  •  45°  and  flow- 

threxigh  width  b.  ■  b,  •  6  ‘un.  The  lift  in  this  experiment  was  determined 

by  direct  measurement  on  a  gravimetric  instrument.  As  we  can  aee,  the 
proposed  methoo  of  calculation  agrees  quite  satisfactorily  with  experiment. 
The  difference  between  the  calculation  and  experimental  data  does  not 
exceed  percent. 
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Fig.  1^1.  Lif coefficient  of 
two-pase  annular  nozzle  as 
theoretical  and  experimental 
functions  of  parameter  h /D#  for 
»  0.02  and 

9 1  *  92  "  45° 


The  lift  of  a  plane  and  ar.  annular  nozzle  inste1 lation.  Let  us 
examine  the  effect  of  the  elevation  of  a  plane  two-contour  nozzle 
installation  above  a  solid  support  surface  and  the  placement  of  tbs 
stability  nozzles  in  this  installation  on  the  lift  characteristics.  We 
will  assume  that  the  exit  edges  of  the  external  and  internal  nozzles 
lie  in  the  same  plane,  and  that  the  angles  of  inclination  of  their 
generatrices  and  the  flow-through  widths  are  identical.  We  will  assume 
Qy  ■  "  4 5°  *nd  b^B  •  b^/B  -  0.01.  We  will  vary  the  paraneter  bg/B 

within  the  limits  b^/B  »  0.972^). 2.  We  note  that  the  value  bg/B  «  0.972 

corresponds  to  the  case  when  the  stability  nozzles  merge  with  the  external 
nozzle  into  a  single  general  nozzle,  forming  a  single-pass  nozzle  installa¬ 
tion,  since 


B, 


B  -  2  —Jo¬ 
cose, 


B 

_A_ 

ficos<(i 


=  !  -2 


_0,0I_ 

cu*  45“ 


0,972. 


We  will  vary  tiie  elevation  of  the  craft  within  the  range  h/B  »  0-0.1. 
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Fitf.  1^2.  Coefficient  c  of 

y 

lift  as  functions  of  elevation 
of  air  cushion  vehicle  with 
plane  two-pass  nozzle  installa¬ 
tion  (bj/B  -  bp/B  -  0.01)  for 

different  placement  of  stability 
nozzles 


For  the  particular  nozzle  installation, 
of  the  external  and  internal  nozzles  is 


the  relative  cut-off  area 


=  and 


Fa  =  2 


D  co»<f, 


{ion 


noLles  nUtiVe  ar'a  °r  ttK  =°Cti°"  0f  the  bot,M  th»e 


5,  =  I  _  Jl  _  2 
0  1 


b  cos  <j , 


and 


-  -b  -  2 


flcO*q,  ■ 


(I#*) 


specifying  various  values  for  the  parameter  b2/B,  let  us  determine 
based  on  oqs.  (187)  and  (188)  relative  areas  F  p  §  and  5 

1  an/4  _  Cl>  C2’  8nd  ^ 


by  Lq 
effi 


.  ,  cl’  c2’  wi »  aiia  and 

icients  P,  and  L7£s  f ind'thf 

ies  of  the  coefficient  - 


c. 

values  of  the  coefficient  c  o’"  'hr*  lift  u. 

r  y  0  whe  llft*  We  perform  the  calcula¬ 
tions  for  various  values  of  the  elevation  h/n  . 

over  the  support  surface.  ovation  h/B  of  the  nozzle  installation 
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The  results  of  the  calculations  are  given  in  Fig.  1 1>2 1  from  which 
we  can  net*  that  the  ai/v'lc-pans  no.'./. Jf  installation  (the  curve  for 
B?/B  •  0.0'/?)  has  the  top  load-be  ring  capacity.  Building  a  two-pass 
nozzle  installation  with  the  same  overall  areas  and  * ith  the  sane  flow¬ 
through  area  and  the  same  angles  of  nozzle  generatrix  inclination,  as 
well  an  employing  any  other  method  of  aectionalizing  for  the  specified 
condition  leads  to  a  reduction  in  the  lift  coefficient.  Degradation  of 
the  load-bearing  qualities  of  u  nozzle  installation  due  to  sectionalizing 
is  the  non*  marked,  the  higher  the  elevation  of  the  craft  above  the 
support  surface. 

Let  us  determine  the  effect  that  placement  of  the  nozzle  installa¬ 
tions  has  on  the  lift  characteristics  of  a  planform  round  two-pass 
nozzle  installation  for  different  elevations  above  the  support  surface. 

As  in  the  case  of  a  plane  nozzle  installations,  we  will  assume 
m  ^ °  b/D ^  ■  b^/Dfl  ■  0.01. 

We  will  characterize  the  position  of  an  internal  nozzle  in  the 
nozzle  installation  with  the  diameter  D^i  and  the  overall  dimensions 

of  the  nozzle  installation  --  by  the  diameter  DM  .  We  will  vary  the 

diameter  D^^/D  within  the  limits  D|?/D#  -  0.972-0.2,  and  the  elevation 

of  the  craft  —  within  the  limits  h/D„  -  0-0.1.  Let  us  determine  the 

lift  coefficient  for  thi3  nozzle  installation  by  Eq.  (186).  The  relative 
cut-off  areas  of  the  external  and  internal  nozzles  appearing  in  this 
formula  are 


l <x  ^  £)«•  cosh-  \  0ft  cos  H'  / 

J:  -  4  _ t _ (l _ bD-— 

£>„  Umor.H  V  0,:  /).»«•*•» 


(189) 


(190) 


and  the  relative  areas  of  the  external  and  internal  sections  of  the 
bottom  of  the  nozzle  installation  are 


and 


I 


I 


h 


•'  *• 


(< 


4 


f  I 


_ \ 


(192) 
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Fir,-  155.  Coefficient  c  of  lift 

'J 

as  fun  tions  of  elevation  of  air 
cushion  venicle  with  annular  two- 
pass  nozzle  installation  ( / 1)^  « 

b.;/Dw*  0.01)  for  different  place¬ 
ment  of  stability  nozzles 


The  air  cushion  pressure  coel’fie 
as  follows,  in  accordance  with  rlqs.  ( 


Fir.  Coefficient  c  of  lift 

y 

us  funtjons  of  placement  of 
stat.il  ity  nozzles  in  two-pass 
nozzle  installation  for  different 
elevations  above  support  surface 
(solii  curves  —  for  annular 
nozzle  installation,  and  dashed 
curves  —  for  plane  installation) 

entu  pertaining  to  this  case  are 
04)  and  (18^): 


f  />. 


1 1  •  .  l>  .J 


and 


-  "  • '  «’ 
1  -  r  1,1  * 


(193) 

(194) 


The  results  of  determining  the  efl'e  '  of  elevation  of  a  craft  with 
an  annular  two-pass  nozzle  installation  on  the  lift  coefficient  for 
different  placement  of  stability  nozzles  arc  (riven  in  Kir.  1 !>}•  Ify 
comparing  Fi#.  1 and  Fig.  1 1>^,  we  see  that  the  overall  pattern  of 
variation  of  the  function  -  f(h/l)^,  Dw^/ D„),  for  an  annular  two-pass 

nozzle  installation,  remains  the  same  as  for  a  plane  two-pass  nozzle 
installation.  There  is  only  a  numerical  difference  in  the  lift  coeffi¬ 
cients. 
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The  lift  coefficient  as  function:!  of  where  the  stability  nozzles 
arc  placed  in  a  two-pass  nozzle  installation,  for  different  elevations 
of  the  nozzle  installation  above  the  support  surface,  is  shown  in 
Fig.  1h4.  As  we  can  see,  increasing  the  separation  between  the  internal 
and  external  nozzles  very  appreciably  reduces  the  lift  coefficient  c  , 

y 

especially  lor  relatively  large  elevations  h/B  -  h/lb.  •  *nd  the  coeffi¬ 


cient  0^  decreases  more  rapidly  for  an  annular  nozzle  installation  than 
for  a  p  fine  one. 


For  large  values  of  the  parameter  B^/B  =  the  annular  nozzle 

installation  has  a  greater  load-bearing  capacity  compared  with  u  plane 
installation,  but  for  small  values  of  B?/B  *  D^^/ll^,  in  contrast,  the 

plane  two-pass  nozzle  installation  achieves  a  greater  lift  than  the 
annular. 


24.  Craft  With  Two-Pass  Nozzle  Installation  Provided  With  Oblique  Nozzle 
Cut-01 13 

Tne  lift  of  an  air  cushion  vehicle  with  a  two-pass  nozzle  installa¬ 
tion  having  external  and  internal  nozzles  with  oblique  cut-off  is 


V  =  cySHt  (cypl  + 

c\,<\  4*  *Vu  "f*  cvPi  4* 1  +  *y*i)S-  J-' 


When  determining  the  components  of  the  li.’t  coefficients,  let  us 
use  the  following  equations  that  determine  the  distribution  of  velocity 
and  pressure  in  the  nozzle  cut-off  plane. 

For  the  external  nozzles,  tne  velocity  field  is 

_  0  ,  »in  TO  <01  f, 

l'Kl  _  f  1  ft,  Sill  (q,  —  $,)  1  »!n 

v*  L  ^  X,  ft,  cos  Vi  J 

and  the  pressure  field  is 

_i  <* 4  »|n  ti>  w»  ♦  1 

P»i  —  P»  _  j  _  j"  j  ,  *»i  ,  _*i_ ,  sin  («f,  -  if,)  1  ~  »•"  i«.  -  v.) 

Pc  —  Ph  I  x,  ht  '  cos  if,  J 


For  the  internal  nozzles,  the  velocity  field  is 


ih  _  JVl  f  j  4.  ii»  .  bt  h\  .  >*n  (<f,  -  ti)  1 

vh  o„  [  x ,  J  -  Aft  ft,  cos  J 


(I  -fun  y,)  co« 
(v,  -V,) 


.  (195) 


S 


who  iv 


and 


ar<  the  coef f icientfl  of  proportionality. 

Th»  overall  component  of  toe  lift  due  to  the  reaction  of  jets  and* 
pre3suro  forces  at  the  external  nozzle  cut-off  is 

,  /  S|)  lit  1  kt  (*  ~  Pl>  j 

*  v<’i  •  *i  |  'in(<|1  —  V,)  (.’*i  -  •)  V*i  J' 


The  component  of  the  lift  due  to  the  pressure  force3  of  the  air 
cushion  over  the  sections  of  t he  bottom  bounded  by  the  external  and 
internal  nozzles  i3 


s,  -  r.  f  cos  («t,  —  >r.)  ]  z 

=  S~P'  =  [ 1  "  cosh-, — J  Px- 


The  coefficient  of  the  reactive  forces  of  jets  acting  at  the  cut-offs 
of  the  internal  nozzles  is 


CypZ  — 


2e/.tcos  VjCosif, 


Replacing  in  this  equution  velocity  v^  in  the  nozzle  cut-off  plane 

with  its  value  from  fclq.  0V!>)  and  integrating  the  resulting  expression, 
we  find 


where 


cos  << ,  cos  v  i  1 1  -  p, )  —  *,  ( 1  —  p,) 
sin  (<p,  -  *,f  2*, -I 


*>,L, 

S 


(197) 


is  the  relative  total  flow-through  area  of  the  internal  nozzles, 


(I  sill  f  ,)  COS  V~  | 
SHI  (f,-*',) 


t  _  |4._  l’‘J'  _ 

*  _  I 

hi 


SMI  $,) 

COT  it 


and 


arc*  the  coefficients  of  proportionality. 


•  ♦- 


In 
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c  —F  — ti1  j.  1  ♦»)  1  -  *id  —  p.)  I 

*  M  “'"fi  1  mu  - i)V*,  M 

f.  [cot  (v,  ^  ,  cotOi,  ♦,)_<!_  r,)~  k,  (I  p,)| 

1  I  «»  tl  Mil  (•) ,  -  If,)  *  (![*,  | )  J 
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these  formulas  the  flow-through  areas  of  the  external  F1  and  th<; 
F„  nozzles  can  be  determined  by  riqs.  (1^< Ej )  and  ( 1 97 ) • 


'JHAPTiat  bLX 

AKHO DYNAMIC  CHAHACTrlH  LlTlOb  OF 
UKKLINO  Alh  'JU  A II  ION  VEHICLE 


As  wo  know,  air  cushion  vehicles  with  a  single-pass  nozzle  installa¬ 
tion  do  not  exhibit  desired  static  stability,  experience  shows  that 
these  craft  [?1  have  a  very  snail  neutral  hovering  height  ( percent 
of  nozzle  installation  width),  and  rising  above  this  height  causes  total 
loss  of  static  stability.  Since  the  craft  mu3t  he  in  a  quite  stable 
hovering  regime,  the  elevation  to  which  it  can  rice  in  practice  above 
a  support  surface,  determined  by  some  reserve  of  static  stability,  is 
taken  to  be  ouch  less  tlian  the  neutral  hovering  height.  The  low  stability 
of  these  craft  i3  dictated  by  the  fact  that  even  a  sli^-ht  heeling  of  the 
craft  causes  marked  qualitative  changes  in  the  flow  pa  tern  of  the  main 
a^d  ;irrulation  air  cv  rrents  under  its  bottom.  This  causes  the  pressure 
to  oc  redistributed  over  the  bottom  and  even  at  low  elevations  causes  a 
tipping  moment,  acting  on  t  ,e  craft  in  the  direction  -J  the  lowered  side. 

The  static  stability  jf  a  craft  with  a  3ingle-pasB  nozzle  installa¬ 
tion  can  be  augmented  by  introducing  auxiliary  nozzles  —  stability 
nozzles.  Hy  compartmentalizing  the  craft  bottom  with  additional  nozzle 
into  individual  sections,  It  in  possible  to  markedly  boost  the  neutral 
hovering  height,  within  whose  limits  increased  pressure  can  be  achieved 
over  the  sections  of  the  bottom  on  the  lowered  aide  even  when  the  craft 
has  large  angles  of  heeling,  and  thus  produce  the  requisite  restoring 
moment  returning  the  craft  to  the  horizontal  position  after  the  elimina¬ 
tion  of  the  perturbing  force. 

However,  introducing  auxiliary  nozzles  into  a  single-pass  nozzle 
installation  diminishes  the  lift  per  unit  power  input,  that  is,  degrades 
the  power  characteristics  of  the  nozzle  installation.  The  point  is  that 
this  single-pass  nozzle  installation  has  the  highest  load-bearing 
capacity  compared  with  sectionalized  nozzle  installations  with  the  same 
flow-through  nozzle  area  and  the  same  overall  installation  areas  for 
the  identical  volume  flow  of  air  and  the  identical  total  pressure 
expended.  This  is  caused  by  the  fact  that  in  a  single-pass  nozzle 
installation  the  entire  air  stream  participates  in  producing  the  excess 
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pressure  under  the  entire  area  of  tlx  nozzle  inz.tallatic  bottom,  while 
in  a  sort  ionalized  installation  air  .j*  •  t?:  flowing  from  tht  auxiliary 
no*///. ler  augment  the  pnz.rure  only  over  norm*  sections  of  the  bottom. 

One  of  the  sort  i  -ai.l  izeil  mv.'Jr  i  nft  l.al  I  at.  ions  /•ai  fling  acceptance 
in  an  inn tal lation  >at  consist.::  of  a  rectangular  or  plunform  ovul  single- 
pass  nozzle  with  two  longitudinal  nozzles.  In  devo  1  opment  of  this 
inntallation,  the  goal  was,  by  using  longitudinal  nozzles,  to  augment 
the  transverse  ntability  and  to  build  a  nozzle  installation  with  approxi¬ 
mately  identical  deface  of  stability  both  in  the  longitudinal  and 
transverse  directions,  .experiments  showed  that  this  nozzle  installation 
lias  a  neutral  hovering  height  that  is  roughly  4_t)  times  /greater  than  a 
single-pass  nozzle. 

liince  the  lift  and  tlx?  degree  of  static  stability  depend  heavily  on 
the  dimensions  and  position  of  the  auxiliary  nozzles  in  the  sectionalized 
no7,'/.l°  installation,  functions  relating  these  parameters  are  of  practical 
interest,  as  wel  as  ar.  evaluation  of  the  effect  that  heeling  has  on  the 
efficiency  of  these  installations. 

2b.  Design  Model  of  a  Nozzle  Installation 

In  examining  the  experimental  characteristics  of  the  pressure 
distribution  over  the  bottom  of  two-nass  annular  nozzle  installations, 
we  can  »•••  that  for  coal  l  heeling  armies  (v  =  0-2°)  and  for  small  relative 
elongation  of  the  nozzle  installation  over  the  support  surfucc  (h/b  «  0.2), 
the  pressure  over  the  surface  of  the  nozzle  installation  bottom  section 
bounded  by  the  internal  nozzle  is  distributed  virtually  uniformly  (the 
,:reatest  deviation  does  not  exceed  £  2.b  percent  of  the  mean  pressure). 

The  mean  pressure  is  virtually  equal  to  the  pressure  when y  ■  0,  while 
the  pressure  over  the  bottom  sections  bounded  by  the  external  and  internal 
nozzles  depends  strongly  on  the  heeling  angle  7*  F°r  example,  for  a 
nozzle  installation  with  anrles  «*  <P  -  50°,  when  b/h  =  0 . l;  arid  when 

the  angle  T  is  varied  within  the  limits  0-2°,  the  pressure  coefficient 
P1  at  the  lowered  craft  side  rises  from  0.67  to  0.86,  that  is,  by 

28  percent,  while  on  the  opposite  side  it  decreases  from  0.67  to  0.62, 
that  i3,  by  8  percent. 

These  regularities  suggest  a  method  for  approximate  calculation 
of  forces  and  moments  acting  on  a  heeling  3ectionalized  nozzle  installa¬ 
tion  from  the  air  cushion,  by  adopting  the  following  assumptions* 

the  pressure  over  the  section  of  the  nozzle  installation  bottom 
bounded  by  the  internal  nozzles,  for  small  angles  of  heeling  y  and  for 
limited  related  elevation  h/v,  does  not  depend  on  the  angle  of  heeling 
and  remains  equal  to  the  pressure  for  f  =*  0  and  for  the  same  mean  eleva¬ 
tion  h  of  tne  nozzle  installation  over  the  support  surface;  and 
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the  pressure  over  the  bettor  se  tions  between  the  nozzles  is 
uni  fomly  distributed  aroawise. 

Ph i ::  uk'  tho<i  of  calculation  can  In  ur.eii  h  detormim  the  effect  thut 
heel  inf:  ban  on  the  paramount  .lerodynami  •  chara  teriaticn  of  i  nozzle 
installation:  the  air  cushion  pressure  coefficient,  dischargee  coefficient, 
arid  drar  coefficient  of  individual  no  z/.l«n  as  well  as  the  nozzle  installa- 
lion  as  a  whole;  the  lift  coefficient  and  the  side  coefficient;  the 
coefficients  of  air  cushion  moments;  and  th*  coefficients  of  transverse 
static  stability.  If  we  know  these  characteristics,  it  appears  possible 
to  find  the  optimum  layout  of  interim!  r.ov.  les  (stabili  y  nozzles)  in  u 
sections  1 1  zed  nozzle  installation,  n:r  urr.ing  the  condition  of  a  large 
enough  n  storing  moment  without  appreciable  loss  of  lift,  and  also  it 
appears  possible  to  find  the  balancing  angles  as  functions  of  the  moment 
of  externa]  forces  acting  on  the  nozzle  installation. 


2b.  Lift  and  oide  Force  of  Heeling  Nozzle  Installation 

Let  us  examine  functions  determining  the  lift  arid  side  force  of  a 
plane  regionalized  nozzle  installation  consisting  of  external  nozzles 
and  internal  nozzles  arranged  paraliel  to  tnem  (Fig.  I^h).  The  resultant 
force  acting  from  the  air  cushion  against  the  craft  with  this  sectionaliz- 
;ng  scheme  i3  determined  ry  the  sum  of  the  components  acting  on  individual 
installation  members  (of  the  •u.t-offn  of  the  external  nozzles  and  the 
ltaoiljfy  nozzles,  and  also  over  the  bottom  sections  enclosed  between 
these  nozzles). 

Wren  the  craft  is  in  the  hori.  <ntal  position,  the  resultant  forces 
directed  normally  to  the  bottom  surface  und  tends  to  raise  the  craft 
above  the  support  surface.  In  the  heeled  craft  position,  the  reaction 

,'^rce3  of  air  jets  leaving  the  nozzles  arc  directed  at  an  angle  to  the 

•ozzle  installation  bottom  ana  aiffor  in  magnitude  for  different  angles. 

Ifterefore  the  direction  of  the  result >,  force  in  this  case  doe3  not 

coincide  with  the  normal  to  the  totter..  However,  in  practice  since  the 
fraction  of  the  reaction  forces  in  tne  resultant  is  very  small  compared 
with  the  forces  of  excess  air  cusnior.  pressure,  even  for  a  heeling  craft 
we  can  assume  the  resultant  force  u  be  directed  normally  to  the  nozzle 
installation  bottom.  The  resultunt  force  tends  to  lift  the  craft  above 
the  support  surface  and  to  shift  it  toward  the  depressed  side. 

The  lift  determined  in  terms  of  tne  resultant  H  i3 

)  -  A'.  •  y  ..s/f..  ■>-,  .  \>!  .  <2"0) 

where  c.,  is  the  coefficient  of  the  resultant  force;  c  is  the  lift 
H  y 

coefficient  S  is  the  area  of  the  nozzle  installation  bounded  by  the 

external  edge  of  tne  external  nozzle;  and  Hf  is  the  total  pressure  of 

the  air  stream  fed  to  the  nozzle  installation  to  produce  the  jets  forming 
the  air  cushion. 
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Rig.  1^.  Calculation  scheme  of  sectionalized 
nozzle  installation  at  small  heeling  angles 


At  small  heeling  angles  varied  within  the  limits  y  •  0-2°  50*, 

coa  y  lies  within  the  limits  1*0.9990,  therefore  we  can  assume  Y^  R  and, 

accordingly,  c  ^  c  ,  with  practical  accuracy, 
y  x. 

The  side  force  produced  by  craft  heeling  is 
Z  =  ClSHe  -  R  mu  y  =-  sin  Y- 


For  the  indicated  heeling  angles,  3in  y  lies  within  the  limits 
0-0.04^6.  Therefore  in  actual  calculations  we  can  assume 

Z  —  A*  mii  v*s  >'  tg  v  ***  >'Y  (20*) 

and,  tnus  c&  sin  y  cy  tg  y  ^  i\\,  since  at  small  angles  sin  y  =»  tg  y  Y- 


The  effect  of  air  cushion  cruft  heeling  on  its  aerodynamic  charac¬ 
teristics  is  dictated  by  the  fact  that  as  the  heeling  angle  y  is  varied, 
both  the  elevation  h  of  the  individual  nozzles  as  well  as  the  angles 
< pof  air  jet  outflow  relative  to  the  support  surface  change.  As  the 
result  of  craft  heeling,  the  escape  velocity  of  air  jets,  the  pressure 
at  nozzle  cut-off,  air  volume  flows,  and  air  cushion  pressure  change. 
Ultimately,  all  this  causes  the  forces  acting  at  the  craft  bottom  to  be 
redistributed  and  a  moment  to  be  induced  in  the  air  cushion. 
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Wo  must  remember  that  when  the  nozzle  installation  heels  by  the 
angle 'Jr,  for  a  moderate  elevation  h  above  the  support  surface,  the  exit 
edges  of  the  external  nozzle  walls  ujv  displaced  and  will  bo  at  different 
rlovat  ions  s 

for  the  external  nozzle  of  the  depressed  side 

/.Uh- "  mi\  y,  (202) 

for’  the  internal  nuzzle  of  the  depressed  side 

k]  —  li:  —  sm  y  *=>  h  4  A/i  —  ‘0*-  sin  y;  (203) 

for  the  external  nozzle  of  the  elevated  side 


h\'  —  h  •  -j-  sin  V.  (204) 

for  the  internal  nozzle  of  the  elevated  aide 

/.V  —  h  r  "f  sin  y  ^  ^  f- A/i  f - mii  Y-  (205) 

Hero  and  in  the  following,  the  symbol  (*)  will  denote  quantities 
pertaining  to  the  dcprejsed  [lower]  aide  of  the  nozzle  inatal lation, 
while  the  symbol  ( **)  will  refer  quantities  pertaining  the  elevated  side. 

The  limiting  value  of  ie  angle  Y  for  which  one  of  the  nozzle 

1  up 

installation  sides  touches  the  support  surface  is 

Yrp  —  arcsin  2  ~  (206) 

Heeling  of  the  craft  ir creases  the  angle  of  generatrix  inclination 
<f  of  the  nozzles  at  the  lowered  side  with  respect  to  the  support  surface 
by  the  ancle  y  and  reduces  the  ancle  <jp  of  generatrix  inclination  of  the 
nozzles  on  the  elevated  side  by  the  same  angle  V. 


Air  >Nirhion  Pressure  Cueffio  ients  of  a  lfc»«- 3  in*T  Nozzle  Installation 

Whon  a  ruMitionai  i /.oil  nozzle  iiMtullution  is  hori  zonl/il  ,  the  air 
•  Trillion  j>iv:;:mri*  coefficients  aros 

for  tho  external  nozzle 


Pi  =  I  —  e 


—  l*i  In 


(207) 


fer  tho  internal  nozzle 


where 


Pi  =  1  —  0  —Pi)£ 


-  v  In  *. 


(208) 


(I  +  sin  . 

sm((p,-V,)  ’ 


(209) 


.  __  ,  ,  t>,  Mn  K,  -  <r.>. 


(210) 


(I  Mil  *jl  C»K  t, 


—  -  -  - 


sin  («*,-  Vil 

lt»— jtU 
Mi  cos  S', 

/TT 


//,  /’i 


(211) 

(212) 


HepJacin,:  in  Kqs.  (210)  and  (212)  the  elevation  h,  «  h  of  nozzles 

over  tho  aupport  surface  with  its  value  from  Eqs.  (202)  and  (203)  for 
the  lowered  side,  and  by  ilqs.  (204)  and  (2Ct>)  for  the  elevated  side,  and 
the  angle  of  nozzle  generatrix  inclination  ■—  with  the  angle  #>+  y  of  the 
jet  exit  for  the  depressed  side,  and  with  the  angle  <?  -  y  of  the  jet  exit 
for  the  elevated  side,  we  arrive  at  the  following  formulas  for  determining 
the  air  cushion  pressure  coefficient  of  a  heeling  nozzle  installation. 

For  the  external  nozzle  of  the  lowered  side  we  have 


pi  =  l  —  e 


(213) 


for  the  internal  nozzle  of  the  lowered  side 


— v  -I*!  In  *• 

pi)e  3  \ 
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(214) 


who  re 


^  _  1 1  i  sin  (if,  j  y)|cjst, 
1  *">  (fi  :f“  til 


ki  —  1  -f 


2b,  IB 


2T-sinV 


sin  («r,  t  Y~  ti)  . 
ca*4, 


k'  =  1 1  4  sm  (if,  y))cosit,  . 
sin  «,  r  y  -  Vi> 


2  btIB 


B 


sin  y 


sin  (if,  -4-  y-’it) 
cos  ti_ 


(215) 

(216) 

(217) 

(218) 


For  the  external  nozzle  of  the  elevated  side,  we  have 


Pi  —  I  —  e 

for  the  internal  nozzle  of  the  elevateu  side,  we  have 


(219) 


where 


-  In  **• 
3  4 


P:  =  i  _(!_,;*), 
h"  _  JJ _ mo  (y,  -  y)|ff>si, 

Mn(v,-Y-t,»  * 

*j*  =  J  4-  —  B  .  sin  (if,-  Y-t.) 


2  -A  f  sin  v 


cos  if, 


*;*=i  + 


*"  =  I1  -  sin  (if,*-  y)|  cos  if, 

3  sin  (V.-v-V,)  1 

sin  (if, -y-t,) 
cost, 


9  ,l  M 

\h  \  B, 

2  a  1‘ 

T-)  '  ~f""  v 

(220) 

(221) 

(222) 

(223) 
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28.  Air  Volume  Flow  in  a  ileeling  Nozzle  Installation 

The  air  volume  flow  in  a  nozzle  installation  or  in  some  of  its 
nozzles  i3 

<?=«f  VT^  ■ 

where  #  is  the  dischar>;e  coefficient  of  the  nozzle  installation  (nozzle) 
given  with  respect  to  its  flow-through  area,  F  is  the  flow*  Tough  area 
of  the  nozzle  installation  (nozzle);  Hc  is  the  total  pressure  of  the 

air  current  flowing  into  the  nozzle  installation;  and  p  is  the  density 
of  the  air. 


tti  t'fr-h-ftfrt'.i  Haiti 
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For  a  sectionalizcd  nozzle  installation  that  is  horizontal  relative 
to  the  support  surface,  the  dischar/y'  coefficients  of  the  individual 
nozzles  are  as  follows: 

for  the  external  nozzle 


•I  -  k,  “• 


(k, 

cto*, 


I) 


(225) 


for  the  internal  nozzle 


a: 


'<i 


k:  *‘  [  I  -  *•,  u* 

KIS  S', 


221!  I) 


(226) 


where  k,  ,  k^,  k y  and  k^,  are  the  coefficients  determined  by  iSqs.  (209  )  ~ 

(?12). 


Usin/:  Eqs.  anti  (22b)  for  the  case  of  a  heeling  nozzle  installa¬ 

tion  and  considering:  the  variation  in  the  elevation  of  individual  nozzles 
relative  to  the  support  surface  and  the  jet  exit  an^lo,  we  derive  the 
following  formulas  for  the  discharge  coefficients: 


for  the  external  nozzle  oi  the  depressed  side 


a,  -  — 


—  Mil  V 


•  (*;  •) 


1  k: 

.  v  i7 


(227) 


for  the  internal  nozzle  of  tne  depressed  side 


a  =. 


,  Vl  11 : 

'  li  li 

2h.  H 


Mil  Y 


<*;  o 


mu  <qt  y  — 


cos  IT, 
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for  the  external  nozzle  of  the  elevated  side 


for  the  internal  nozzle  of  the  elevated  aide 


•  • 

a  2 


>bt’li 


n. 

It 


Sill  V 


SHI  Of,-  V— tl> 
sill  If, 


(*r  •> 
(*T’*V 


(230) 


Th<-  coefficients  k\.  A-*.  k‘3  ,  and  k*  for  the  depressed  side  and  the 

••••••  * 

coefficients  *i  .  *:  •  ,  and  k**  for  the  elevated  aide  are  determined, 

4 

reaper ti ve ly ,  by  rJqs.  “  (FIB)  and  by  (?i'l)  -  (FF4).  The  discharge 

coefficients  a*  a*  rjL'  ,  and  (X^  each  re  late  to  the  flow-through  area  of 

a  particular  nozzle-. 

The  total  discharge  coefficient  of  the  nozzle  installation  is 


a 


•  •  •  .• 

tijA'j  r  2  •  ai  ‘  l_ 


r\  Fy\  F\ 


(231) 


wnere  h\,  F],  F\  ,  and  F**  are  the  flow-through  areas  of  the  external  ana 
internul  nozzles  of  the  depressed  and  elevated  sides. 


For  a  plane  sectionalized  nozzle  installation  in  which  the  length 
of  the  external  ana  internal  nozzles  is  the  same,  we  have 


a  — 


(«."  u]')b |  (<i*.  •  «/)  h. 


2(bt  ,  bt\ 
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3ince  for  this  nozzle  installation/ 1  F i  b ,L  and 
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Analysis  shows  that  the  position  of  the  internal  nozzles  in  the 
plane  sectionalized  nozzle  installation  having  approximately  the  same 
flow-through  width  of  the  external  and  internal  nozzles  (b1^  b^)  and 

identical  angles  of  inclination  of  their  ^-neratrices  <<?  ,  when 

A h  »  0,  affe'ts  the  total  discharge  coefficient  only  very  slightly. 
Therefore  in  practical  calculations  it  is  useful  to  neglect  the  effect 
of  the  position  of  the  stability  nozzles  and  to  determine  the  total 
discharge  coefficient  of  the  sectional ized  nozzle  iistallation  as  for 
a  3ingle-pa88  nozzle  installation,  regarding  the  flow-through  width  of 
the  nozzle  to  be  equal  to  the  overall  width  of  the  external  and  internal 
nozzles . 


Approximate  working  formulas  ii  this  case  will  become 
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The  discharge  coefficient  Ot  calculated  by  these  formulas  corresponds 
to  the  case  Il^B  ■  0.972,  where  the  stability  nozzles  merge  with  the 

external  nozzles  into  a  single  general  nozzle. 

29.  Lift  Coefficients  of  a  Heeling  Nozzle  Installation 

When  determining  the  lift  coefficients  of  a  heeling  nozzle  installa¬ 
tion,  let  us  use  results  from  theoretical  studies  made  of  the  aerodynamic 
characteristics  of  a  sectionalized  nozzle  installation  for  the  case  when 
the  craft  is  horizontal  relative  to  the  support  surface  (cf.  Chapters 
Three  ano  Five).  In  this  case  the  lift  coefficient  of  the  air  cushion 
vehicle  i3 

C¥  =  cnrl  *r  <Vi  f  cyn\  T  Cyp:  f-  Cyci  +  Cynt.  (233) 

The  component  of  the  lift  coefficient  arising  from  the  reaction 
forces  of  the  air  jets  flowing  from  the  external  nozzles  is 


COS  <|,  COTifl  1  -  »,(l  -  p, ) 

yrx  *  b,  ht  \os  (•(,-*,)  ' 


The  component  of  the  lift  coefficient  arising  from  the  forces  of 
excess  nressure  at  the  external  nozzle  cut-offs  is 


_  T-  —  i,>  _  cos  (If,  -?■>  1 .  (235) 

cosif,  ~  Sin  («r,  — If,)  (2*,—  l)  VA,  J 


The  overall  component  of  the  lift  coefficient  arising  from  tne 
reaction  forces  of  jets  and  the  pressure  forces  at  the  external  nozzle 
cut-offs  is 
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,  [•■* Cl,  <f,J 

~  1  <r\  '  1 i-< 1  —  *  [  losif, 

cos  Cl,  ■  <J.)  »  -  *,l‘  -  •  Pi)_1  (236) 
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The  component 
forces  of  uir  jets 


of  too  lift  roof f icjent  arisin,-  from  the  reaction 
flowing  from  the  internal  nozzles  is 


y . 


1 1 * <i . >< ■' ( i_-  pj — 
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Tin  component  of  the  lift  (.efficient  arisin/*  from  the  forces  of 
excess  pressure  at  th«*  internal  no  .  .  1<  cut-offs  is 

_  [COS  (n, -t.it  cos  —  <-,>  (I  —  p, )  —  *,<*  —  p,(]  #2381 

:  t  COSV:  »IU  Wj-  tj>  (2*,  —  \  )btlh,  \‘  '  ’ 


Th«  overall  component  of  the  lift  coefficient  arising  from  the  jet 
reaction  forces  and  the  pressure  forces  at  the  internal  no;. ale  cut-offs 
is 

_  r  few  (t,-  t»)  .  cos (<f,  -h  t»>  (I  —  P, )-*«(»  -Pi>  1  /o-ns 
W*1  1  L  cos fi  ‘  sincp,  — 1»)  (2*,— 1)6, /A,  J‘  '  ’ 


Tin  overall  component  of  the  lift  coefficient  arising  from  the 
air  cushion  pressure  forces  at  tne  external  ana  internal  sections  of 
the  nozzle  installation  bottom  is 


C yn  L*1' 
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T/ie  lift  co*- f f i  ' i « •  n t  «■:’  .is  ,i.r  u  r.ion  vehicle  with  a  : ectionalized 
nozzle  installation  provided  wit:  oblique  nozzle  cut-off  is 
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where  F,  is  the  total  f low-through  ar^a  of  the  external  nozzles, 
r  1  n  b1  (~lj/3;  Fp  is  the  total  flow-thitugh  area  of  the  internal  nozzles, 
tip  a  b  S,  is  the  total  area  of  the  external  bottom  sections 

bounded  by  the  exit  edges  of  tli*  external  and  internal  nozzles,  /ll ; 

ti0  is  the  area  of  the  internal  section  of  the  bottom  bounced  by  the  exit 

L 

edge  of  the  internal  nozzles,  o,,  =  Lip/j. 

The  air  cushion  pressure  coefficient  p1  and  appearing  in 

nqs.  (254)  -  (241  )  are  determines  by  .“-.qs.  (?0  f)  and  (20fl).  In  the  sr  .‘cial 
case  for  a  aectionalized  nozzle  installation  with  horizontal  nozzle  cut” 
off  (<p1  «  and  <p  ,,  «•  Ij/-,),  the  lift  coefficients  are  determined  by 

tne  following  formulas. 

The  overall  components  of  the  lift  force  arising  from  the  jet  reac¬ 
tion  forces  and  the  pressure  forces  of  the  external  nozzle  cut-offs  is 


C**V>  ~  COM,  V  1  >>*>  'fi  2Vfti  / 


The  overall  component  of  the  lift  coefficient  arising  from  the  jet 
reaction  forces  an:  tne  pressure  forces  at  the  internal  nozzle  cut-offs 
in 


/  /  .  2  i «<-  -I  ;  -J_  l‘i  —  /’I  .  \ 
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The  overall  component  of  the  lift  coefficient  arising  from  air 
nashion  pressure  forces  at  the  external  and  internal  ructions  of  the 
nozzle  installation  bottom  is 


fyn  —  ^ytl  'h  1  (/*!•  —  ^iPl  $:Pz- 


The  lift  coefficient  cf  ar.  air  cushion  vehicle  with  horizontal 
nozzle  cut-off  is 
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o.  and  J,  are  tf. *•  relative  arcus  of  the  nozzle  installation  bottom 

* 

bounded  by  the  exit  edges  of  tii**  nozzles. 

when  the  discharge  of  air  ,  ets  from  tr.e  nozzle  installation  cun  be 
viewed  as  a  plane  discharge, 


(244) 

(245) 
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for  tne  heeling  nozzle  installation,  tne  lift  coefficient  is 

•  •  •  •  f  •  .  • 

Cy  =-  C^rl  f-  Cy.  1  J-  t'j/Tl  *  r  »  Cyn*  ?* 
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Referring  to  these  functions  determining  the  variation  in  the 
elevation  of  nozzles  and  tne  jet  exit  angle  during  the  heeling  of  a 
nozzle  installation,  the  eo>  fl'i  •  i » •: 1 1 :  appearing  in  the  right  3ide  of 
ilq.  ( I’d 6 )  can  be  represented  by  »,:.<■  following  expressions. 

The  coefficient  of  tne  reaction  force  of  a  jet  exiting  from  the 
external  nozzle  of  the  lowered  side  is 
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The  coefficient  of  the  excess  pressure  forces  acting  at  the  cut~off 
of  the  external  nozzle  of  the  lowered  side  is 
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The  -oefficient  of  the  reaction  force  of  a  jot  and  the  excess 
pressure  forces  acting  at  the  cut-off  of  the  external  nozzle  at  the 
lower  side  is 


^yp* 
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The  coefficient  of  the  air  cushion  pres3vre  fm  .;es  at  the  section 
of  the  nozzle  installation  bottom  bounded  Ly  *bc  external  and  Internal 
nozzles  of  the  lowered  side  is 
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The  coefficient  of  the  reaction  force  of  a  jet  exiling  from  the 
internal  nozzle  of  the  lowered  side  is 
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The  coefficient  of  the  excess  pressure  fcrces  acting:  at  the  cut-off 
of  the  internal  nozzle  of  the  lowered  side  is 
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The  I’opff iciont  of  the  jet  reaction  force  and  the  exces3  pressure 
forces  acting:  at  the  cut-off  of  the  internal  nozzle  of  the  lower  side  i 
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The  coefficient  of  the  air  cushion  pressure  forces  at  the  section 
of  the  nozzle  installation  bottom  enclosed  between  the  internal  nozzles 
is 
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The  coefficient  of  the  reaction  force  of  a  jet  exiting  from  the 
external  nor.zle  of  the  elevated  side  is 
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The  coefficient  of  the  external  pressure  forces  actinr  at  tne  cut¬ 
off  of  the  external  nozzle  of  the  elevated  side  is 
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The  coef  1‘icient  of  the  jet  reaction  force  anil  the  excess  pressure 
forcer,  ictintf  at  the  cut-off  of  the  external  nozzle  of  tnc  elevated 
side  is 
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The  coefficient  of  the  air  cushion  pressure  forces  at  the  section 
of  the  nozzle  installation  bottor.  bounded  by  the  external  and  internal 
nozzles  of  the  elevated  side  is 


v„  -  \  A  =  [l  -  -  (?•;  +  4. .  (258) 


'Ilie*  coefficient  of  the  reaction  force  of  a  jet  exiting  from  the 
internal  nozzle  of  the  elevated  side  is 
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The  coefficient  of  the  excess  pressure  forces  acting  at  the  cut-off 
of  the  internal  nozzle  of  the  elevated  side  is 
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The  eoeff icient  of  the  jet  reaction  force  and  the  excess  pressure 
forces  acting  nt  the  cut-off  of  tin*  internal  nozzle  of  the  elevated 
.  i do  i 
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The  pressure  coefficients  p 
k  •  k.i.  k*.  1't  ,  /».  ,  k,  f  and  k ** 
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appearing 


_  •  « 

anu  ,  anu  tn«  coefficients 
in  these  formulas  are  deter¬ 


mined  :>y  Eqs.  (.-’15)  -  {.224).  The  pressure  coefficient  p^  in  Eq.  (254)» 


.•icrornnii’  to  the  assumption  adopted,  does  not  depend  on  the  heeling 
angle  "Y.  For  a  two-pass  nozzle  installation  with  oblique  nozzle  cut-off, 
this  coefficient  is  determined  by  Eq.  (200),  and  for  a  two-pass  nozzle 
installation  with  horizontal  nozzle  cut-off  —  by  Eq.  (245);  F\  —  F\"  —  Fll2 


and  /•*,  =  F :  —  F.,/2. 


Knowing  th<*  geometrical  paramo t<TS  ol'  a  sectionalizcd  nozzle  instal¬ 
lation,  tnat  is,  the  flow-through  width  of  the  external  nozzle  and 

n. ,  of  the  internal  nozzle,  angles  (p^  and  <p,y  of  their  generatrix 

inclinations,  cut-off  angles  ^  and  nozzle  installation  width  b, 

and  th  distance  b  between  stability  nozzles,  as  well  as  tne  elevation 

C 

of  tne  nozzle  installation  above  the  support  surface  and  its  heeling 
angle  ^  ,  let  us  determine  by  Eqs.  (249),  (250),  (25;),  (294),  (257), 
(258),  and  (261)  the  components  of  trie  lift  coefficients.  Then  by 

<>q .  (246)  we  find  the  lift  coefficient  e  of  trie  heelin#  nozzle  instal- 

J 

latioru  For  a  known  totaJ  pn  ouur*  of  the  air  stream  fee:  to  the 

nozzle  installation,  let  us  calculate  by  Eq.  (200)  the  lift,  and  then 
the  side  force  —  by  Eq.  (201). 


30.  Moments  Induced  in  the  nirCusrion  of  a  Heeling  Nozzle  Installation 

Let  U3  look  at  functions  determining  the  heeling  moment  of  a  plane 
sectionalized  nozzle  installation  consisting  of  external  nozzles  and 
stability  nozzles  (of.  Fig.  155).  Suppose  that  when  acted  on  by  moments 
induced  by  external  forces  and  th«-  air  cushion,  this  nozzle  installation 
heels  and  is  balanced  at  a  heeling  angle  Y^  at  elevation  h  from  the 
support  surface.  Let  us  find  relationships  between  the  restoring  moment, 
the  geometrical  parameters  of  the  nozzle  installation,  its  heeling  angle, 
and  its  elevation. 


224 


Tl  ■  hi‘t'lin('  riiiint  nt  i*« •  1  ■  i t*  t  !.<>  *.!:<•  width  i*  <>1  th<  rioz  1  < •  iii  ilnllntion 


v- 


Af,  m, HSU ,, 


(262) 


wi.i  iv  f  i;  tiu  ■  aim*  lie  mule:;::  n,»- ffj  e  len  t  of  the  rw-clin*;  moment. 

\ 

Lot  us  net  up  an  equation  of  moments  induced  by  the  air  cushion 
relative  to  tin  longitudinal  axis  »  of  the  no/. 7.1o  installation: 


...  -  !.y,i  -  -  !.y<:  -  <263) 


where  ;  represents  th»  distance:  from  tne  x  axis  to  tne  points  at  which 
the  vertical  component::  ol  forcer.  Y  art  applied  to  the  corresponding; 
structural  members  of  the  lo./.le  installation. 

The  positive  terms  uppearir./;  in  tne  rip, lit  side  of  Lq.  (^6))  are  the 
moments  of  the  jet  reaction  forces,  the  pressure  forces  at  the  external 
and  internal  nozzle  cut-offs,  and  the  air  cushion  pressure  forces  over 
the  sections  of  the  no 7.7.1c  installation  bottom  of  the  elevated  side, 
while  tne  nefative  terms  correspond  to  tne  moments  of  forces  acting  at 
the  corresponding  structural  members  of  the  nozzle  installation  on  the 
depressed  side. 

In  expanding  Lq.  (';(<$),  we  will  bear  in  mind  that  tne  bottom  section 
bounded  ny  the  internal  nozzles  and  the  x  axis  are  identical  in  urea  and 
equidistant  from  this  axis,  and  tr.e  pressure  over  their  surface  areas, 
according  to  the  calculation  sene me  adopted,  is  uniformly  distributed. 
Therefore  the  moments  of  for  or  a  tinp  at  these  sections  become  equalized 
?ind,  tr.e  re  fore,  z,  ) —  0. 

Note  that  owin*;  t<>  tn.-  nonuniformity  of  velocity  and  pressure  dis¬ 
tribution  in  tne  no7.7.1c  cut-off  plan'  ,  the  points  at  which  the  resultant 
reaction  forces  and  the  pressure  forces  are  applied  are  somewhat  shifted 
toward  either  3ide  of  the  no7./.le  midline.  Kor  tne  pressure  forces,  the 
point  at  which  the  resultant  is  applied  is  shifted  toward  the  inner  wall 
of  the  r.o7.zle,  and  for  the  reaction  forces  of  the  jet  —  toward  the 
outer  wall  of  the  no7.zle.  Jince  these  forces  are  displaced  from  the 
nozzle  mi 'line  te  the  different  sites,  but  the  displacement  itself  is 
very  3mall  compared  with  the  distance  from  the  tr.idline  to  the  x  axis  of 
the  nozzle  installation,  we  can  assume  —  with  precision  adequate  for 
practical  calculations  —  that  the  point  at  which  the  resulta.it  of  the 
reaction  forces  and  the  pressure  forces  is  applied  lies  alonf;  the  midline 
of  the  nozzle  cut-off.  Accordinrly , 

')0  l. 
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we  can  represent  Eq.  (26})  as 

=  *pc i  (^p<i  —  ^Vi)  +  Zpciiypc:  —  Y't 

lr,  this  equation  the  distance  from  the  x  ax  to  the  middle  of  the 
external  nozzle  cut-off,  expressed  in  terms  of  tt.  eometrical  parameters 
of  a  nozzle  installation,  is 


,  ~A(\  bi  \ 

2ptl~  2  V  ~  fl  ee**.  * 


the  distance  from  the  x  axis  to  the  middle  of  the  in  al  nozzle  cut-off 


,  _  B  /  Bi  bt  cos  (*,-*,)  \  , 
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and  the  distance  from  the  x  axis  to  the  middle  of  the  bottom  section 
bounded  by  the  external  and  internal  nozzles  is 


7  —  31 1  '  h  _  oh  tos(Ti-  fi>  \ 

~  4  \‘  ^  fl  1  fl  '  cos*,  /' 


c-xpressing  the  forces  Y  appearing  in  Eq.  (26<)  by  the  corresponding 
lift  coefficients  c  ,  the  nozzle  installation  area  i>,  and  the  total 

y 

pressure  related  by  the  equality 

Y  r-  r  SWr. 

and  using  Eq.  (264),  we  get  the  heeling  moment  of  the  nozzle  installation 

Mm  =  (c‘„( ,  -  c¥pfi)  +  -nL  (c^:  -  clea)  -h 

+^(ci:,-c;j]  BSHt. 


hol'r  rring  to  Eq.  w*'  /rt  the  rod  1  icient  ol  th«  n«*eling  moment 


mM  =  -t fkl'pcl- 


'■1/1*1 


l)  f  1n1  (fyr<i  -  j)  +  (<V">  —  C»"l)‘ 


hopresenting  the  heeling  moment  coefficient  in  tne  form  of  ito 
compose n  t.s 


»s.  "'.^l  “T  m*r<i  ^ '"‘"•i’ 


(268) 


w<-  pm  Hi.-  roeffj  -H  Mt  of  th<  he • !  i ng  moment  du<*  to  the  jet  reaction 
and  th<  nroRr.ure  force:*  acting  at  th<  external  nozzle  cut-offs, 


rrisr,  t  -  -**  (C„  —  c^,);  (269) 

the  co-  fficient  of  t:-e  heeling  moment  ancucea  by  the  jet  reaction  and 
the  pressure  forces  acting  at  the  internal  nozzle  i.ut-offs  is 


m 


(270) 


and  the  roe t'f irii-nt  -if  the  heeling  r-nment  induced  hy  t.’i--  air  cushion 
pri*::nur<-  rce"  acting  at  the  bottom  sections  enclosed  between  the 
external  and  internal  nozzles  i 


dl.Ml 


*  H 

It 


(fj/'ll  —  fy-ll)' 


(271) 


Tne  relative  distances  /.  . /b,  z  ,Jb,  and  z  ./li  appearing  in 

p  *  •  1  pc  f-  ni  rr  D 

Eqs.  (2t>9)  -  (271)  are  calculated  cased  on  Eqs.  (269)  -  ( P67 ) *  respectively 

the  lift  coefficients  /  ,  ,  anc  c*  .for  the  depressed  side  —  based 

r,r<l<  yn  1  r 

on  Eqs.  (-.'49 ),  (293)*  and  (290);  and  the  lift  coefficients  c**c  ^ »  Cypc  2* 
and  c**  1  for  the  elevated  side  —  based  on  Eqs.  (297),  (261),  and  (29b). 

analysis  of  Eq.  (26b)  shows  that  the  components  of  the  moment  coeffi¬ 
cient  m  ,  and  m  are  very  small  —  one-three  orders  of  magnitude 

xpe  xpe  2 

smaller  thun  the  component  m  For  transport  air  cushion  vehicles, 

the  relative  flow-through  width  of  external  nozzles  as  well  as  stability 
nozzles  usually  does  not  exceed  1-1. 9  percent  of  the  nozzle  installation 
with  li,  while  the  nozzle  inclination  angles  (D  ■  96-60°.  When  the  stability 
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noz/.le  situated  at  a  distance  0.1D  from  the  external  nozzles  (B^/B  -  0.8), 

the  sum  of  the  components  m  ^  ^  ^  is  equal  to  3“4  percent  of  the 

moment  i oefficient  mx*  For  values  of  parameter  b^/B  v^O.O,  which  usually 

of  curs  in  practice,  the  fraction  of  the  total  m  -  +  m  %  ,,  in  the  moment 

xpc  i  xpc  <- 

inefficient  m  decreases  rapidly.  Therefore,  without  introducing;  a  large 
x 

'•rror  into  the  determination  of  the  coefficient  m^,  in  bq.  (.’88)  we  can 

neglect  tin  comport*,  r.ts  m  ,  and  m  irid  adopt 

'•  1  xpc  i  xj>c  . 

m,  css  mjn|  jj-  (ct„\ — cgnl). 


since 


1  h.n“ 

cyn\  =  yfPi  * 


the  coefficient  of  ti.e  transverse  moment  induced  in  the  air  cushion  can 
be  expressed  as 


^  J_ .  4'-  •  (Pi  —  P*); 

i  ^  2  S  B 


(272, 


here  the  area  of  the  section  of  the  nozzle  installation  bottom  enclosed 
between  the  external  and  internal  no/./.le s  on  the  deprensed  (elevated)  side 


1  _  I  r.  o  b,  costs,  -»,)  /?,  j  • 

2  S  “  2  1'  *  B  cofi;  fl  j  1  V76> 

Keplacing  in  bq.  (27/ )  trie  relative  area  (£)  (S^S)  and  the  relative 
distance  •'n1/3  by  their  functions  (273)  and  (267),  we  ge* 

—  *  •»## 

whore  p,  and  p1  are  the  air  cuuhicr.  pi-ecsure  coefficients,  dependent  or 

the  heeling  angle  y  of  the  nozzle  installation  relative  to  the  support 
surface . 


l.'cH'1'f'i  lents  of  Transverse  static  Jtability 


In  examining  the  stability  of  air  cushion  vehicle,  it  is  convenient 
—  in  addition  to  the  dimensionless  moment  coefficient  -  f(y)  —  to  use 

the  coefficient  of  the  static  stability  of  tin  nozzle  installation,  which 
in  the  derivative  of  the  moment  coefficient  with  respect  to  the  heeling 
angle 


i /'•/, 


lit;. 


taken  at  the  bu lance  point  of  the  <-ruft  K  =  0). 

I>  t  us  find  an  analytic  expression  for  the  coefficient  mj  of  the 

transverse  static  stability  of  a  plane  st  tionalizea  no/.zle_installation. 
By  inserting  into  bu.  (.’if.)  the  values  of  the  coefficients  p^  and  p**  by 

nqs.  (21})  and  ( ^  •  9 ) »  taking  the  derivative  with  respect  to  angle  y,  and 
naking  th«  necessary  transformations ,  we  derive  :ir.  expression  for  the 
coefficient  of  transverse  static  stability 


m\  =  2A 


(1  -  p\)  |  filiift*— j  -»■ 


•i  (1  -p\')  c-  In  k'i  —  C„  , 

®  * 


(275) 


whe  re 


e’M'ij _ ij)_  _  (Hx  V  '  • 

cosy,  )  V  B  )  J 


|mii  V,  y-  if,))cos»t-|  . 

1  ~  mu  :  Cl  i  Y  -  ♦») 

lb, IB  | Mn  (<f ,  Mi)  2/i/flcos(<f ,  -  y-  ii)l  . 

(2 hill  mii  •v)1  cos 

|  MU  j,  ce\(1,  -  V-tdlccwti  ■ 

-1  —  Mir  eii  y-  S'!* 


2/i,,'rtJ  MM_ei ,  y.)  2/I//I  cos  Cl ,  —  y  —  «Tt)| 

(‘Ih  li  Mil  \l-COSl)-, 


The  coefficients  p\,  p\‘ ,  h\,  k:,  k\  ,  uric  k  *  *  are  determined  by  bqo.  (21;>), 
(219),  (219),  (216),  (221),  and  (222),  respectively. 


Kq.  l^1-)  is  a  general  expression  enabling  us  to  determine  the  coeffi¬ 
cient  of  transverse  static  stability  of  a  nozzle  installation  with  an 
arbitrarily  selected  no/.:  It*  cut-off. 

This,  formula  is  reaJ  when**  !  '  Y  —  *j'i  9  and  -  Y  -  ^  /  0. 

In  two  particular  cases  when  (<1  ^  y  and  <p 1  -  Y  ^  ■  -y,  when  the 

cut-off  of  one  of  the  nozzles  is  assi^ied  the  horizontal  position  (parallel 
to  the  support  surface),  £q.  (279)  becomes  meaningless  since  for  the  values 
of  the  sum  of  angles  «f ,  —  Y  —  Y i  Oand  n ,  -•  y  —  0,  the  value  of  the 

coefficient  p*  or  p**  becomes  indeterminate. 

This  indeterminacy  is  expanded  by  the  familiar  L'Hopital's  rule. 

(Set tin,-;  the  angle  •  0,  wo  can  find  the  function  ■  f(y)  for  a 
nozzle  installation  with  normal  nozzle  cut-off,  and  adopting^  ■  <p  ,  we 
car.  determine  «  f(y)  for  a  nozzle  installation  with  horizontal  nozzle 
cu*.-of  f  . 


For  a  nozzle  installation  with,  normal  nozzle  cut-oi  T  (T|f  »  0 ) ,  the 

formulnr.  for  m^,  p*,  and  p*#  remain  the  uame  [(279),  (21^),  and  (219)], 

ht.t  the  <.ci' ficionts  appearing  in  then,  are  replaced  with  the  following 
expressions s 


*;  - 1  +  ;  *r  - 1  +  ' 


*  "  ,  -  )  * 
"•:n, 


•>  \ 
*  t) 


'si*;,  .‘H  H> 


“  ll 
\  9 


(276) 


>m  (|,  y>  *  '*  '  >m  (<|,  —  y»  * 

I  •>  *1  .  <T.  o  l’>  MI1  h(,  ~  V» 

■  ‘  II  :>I  II  -  >m  y  •  -  “  r  “  *  mu  y 

c  _  •  >>  .  -  _  I)  *1  ■>»«»  Si  :  £'•>_<% I  _ 1* 

1  'iit;(.,,  •  v*  *  “  ti  | ih~U-  mii  yr  *  : 


For  a  nozzle  installation  with  horizontal  nozzle  cut-off  •1^), 

the  formulas  for  m7,  p*,  and  p**  also  remain  unchanged  [(279),  (21.J),  and 

(?19)].  The  coefficients  appearing  in  them  are  determined  by  the  following 
expressions  t 


2}0 


*;  = 


|l  (■  sill  ('ll  Y»|c*>s<|i  .  i."  _  _ 

'  »  ^  1  ~~ 

sin  v 


II  1  '•m  (Ti  Y>l  fl,sTt 


mu  y 


•-  ;  <277) 


sin  y 

*:_l  ,  ^in  .  J"LX  •  k\'  —  | - --X  ;  (278) 

—  1  ^  2h/B  —  sill  Y  cosf,  *  •  ‘ih/B  *  sin  y  cosf,  ' 


cos  y)  cos  H , 

0 

r,  -  rj  — 

sin1  y 

It 

T foSY 

h 

'  T  C<*s  V 

H- 

Mil  Y  j  O'S'j, 

rt“  K- 

sin  >  j  cos<(, 

(279) 

(280) 


The  coefficient  a  ever,  in  trie  case  of  horizontal  nozzle  cut-off  is 
uetermined  by  fckj.  (276). 

If  uii  air  cushion  vehicle  with  a  nozzle  installation  provided  with 
horizontal  nozzle  cut-off  (A^'1  *  CjP ^  )  in  balanced  horizontally  nrj-o) 

relative  to  the  support  surface,  Lq.  (27b)  also  loses  meaning,  since  for 

these  angle  values  it  becomes  indeterminate.  Let  us  find  the  expression 

for  the  coefficient  mY"  of  transverse  static  stability  for  this  case. 

x  »  ,  .  • 

Inserting  into  tsq.  (27b)  the  values  of  the  coefficients  "u  1  ’  ’’ 

k’,  ct,  c..  cs  t  »nd  by  Kqs.  (276)  and  (277)  -  (260),  expanding 

the  resulti..  *  indetorminacies  of  the  form  0/0  and  oo  -oo  ,  and  carrying  out 

the  requisite  transformations,  we  (jet 


where 


m 


*  —  "  2cvl  ( 1  -p,). 


(281) 


c  = 


(h/B)*  l 


Pi  =  i  —  * 


a  is  «  coefficient  determined  by  r.q.  (276). 

Formula  (?8l)  expresses  the  coefficient  of  transverse  static  stability 
of  air  cushion  vehicle  (with  nozzle  installation  provided  with  horizontal 
nozzle  cut-off)  balanced  horizontally  relative  to  the  support  surface. 


2$1 


Analysis  of  formula  (281  )  shows  that  there  is  an  optimal  elevation 
h/B  of  the  craft  above  the  support  surface  at  which  tKe  static  stability 
becomes  the  greatest.  Equating  the  first  derivative  of  function  (281) 
taken  with  respect  to  the  independent  variable  h/B  -  0,  solving  the  resulting 
equation  for  h/B,  we  get 


determining  the  optimal  eievation  (h/B)^i  1  of  the  craft  for  wr.ich  the 

coefficient  mT  of  the  transverse  static  stability  takes  on  the  smallest 
x 

value 

In  the  radicand  of  Eq.  (282),  the  second  term  is  very  email  compared 
with  tne  first.  Thus,  in  transport  air  cushion  vehicles  the  flow-through 
width  b  of  the  external  nozzle  usually  does  not  exceed  2  percent  of  the 

width  B  of  the  sectional ized  nozzle  installation,  and  the  angles  at  which 
these  nozzles  are  placed  <p1  a  50-60°.  Therefore  the  ratio 

(2b,/B cos <( , c  (2  0,02-cos  30')1  I 

/  j  6,  B  \ J  /  ~  0.02~7»~  ^  1000  1 

\  \  co*  30“/ 


Therefore,  without  making  an  error  that  is  noticeable  in  practice, 
we  can  assume 


(2  /< 


and  the  optimal  elevation  of  a  craft,  expressed  by  Eq.  (282),  can  be 
represented  as 


(-£). .  ('  H  sill'll) 


[onwt  ■  optimal] 

Then  the  minimum  coefficient  of  trunsverse  static  stability  for  which 
there  i3  the  greatest  degree  of  stability  is 


(284) 


i 


(m'Omi,,  —  2</1  (P  —  •)  *  —  ,» 


'2  A 


-  ,  2  cos4 ,  -  , 


coif, 


+  SHI  «tl 


or 


'  +  2cos*f,  -  — '  - 

("•!)...  =  -  0.27/1  v  I  a — -  • 


(285) 


Jincc  when  (S).  -  the  difference  o  COs  ,>  —  1 —  0,  and  when 

=»  50-00° ,  this  difference  is  only  hundredths  of  the  term  1  /( b1/B)  (when 
bi/H^O.O:,  it  is  noi  more  than  2  percent),  we  can  assume  1  ...  o 

then  the  minimum  value  of  the  coefficient  of  transverse  static  stabili  ./ 
when  Uic  craft  is  horizontal  is 


0,27/1 


=  -0,27 


(-H 


(286) 


where  A  is  a  coefficient  determined  by  &q.  (276). 

Krom  £q.  (202)  it  follows  that  the  optimal  elevation  (h/B)^^  at 

which  there  i3  the  greatest  static  stability  for  a  craft  in  the  horizontal 
position  is  expressed  only  in  terms  of  ine  flow-through  width  b^B  of  the 

external  nozzles  and  the  angle of  their  inclination  and  is  independent 

of  the  stability  nozzle  placement  in  the  nozzle  installation,  determined 
by  the  parameter  B^/B. 

These  coefficients  of  transverse  static  stability  are  given  with 

respect  to  the  angle  y,  expressed  in  radians.  The  coefficient  mV  has 

-1  x 
the  dimension  rud  .  In  practical  calculations  it  is  convenient  also  to 

use  the  coefficient  of  transverse  static  stability  mT  related  to  the 

heeling  angle  of  1°.  These  coefficients  are  related  with  each  other  by 
the  equality  .  my  and  has  the  dimension  deg  . 

,M*  ~  T7..f 


The  absolute  value  of  the  coefficient  characterizes  the  Btatic 

stability  (or  instability)  of  an  air  cushion  vehicle.  The  conditions  of 
static  stability  on  air  cushion  vehicle  arc  expressed  by  the  inequality 
nT  the  condition  of  static  instability  —  by  the  function  ■I>°. 

and  t.he  condition  of  neutrality  —  by  the  equality  mY  =»  0. 


I  in.  ing  Angles 

When  .1  -tod  on  by  external  moment:;,  an  air  cushion  vehicle  heels.  If 
in  a  heel  in,*  craft  the  required  restoring  m  merit.  is  induced  in  the  air 
•ushion,  the  craft  balances  at  3ome  angle  relative  to  the  support 
surface.  Let  us  determine  the  balancing  angle,  one  of  the  moat  important 
elements  in  the  aerodynamic  calculation  of  this  craft. 


For  equilibrium  of  a  craft  relative  to  the  heeling  angle,  it  is  neces* 
sary  that. 


in,  ■  in,  0. 


(287) 


Line.-  the  coefficient  of  the  sum  of  external  moments  is 


V  ■'!.  . 

m  ~  -  where  it 

BSHC  ' 


<  v/-* 


and  the  tr.ctr.ent  coefficient  is  determined  by  iv;.  {/( 2),  iwj.  ( 20 7)  can  be 
repror.ente.!  as 


(288) 


Ir.  this  equation  p,  /,(-,•).  Pi  h(y).  tyv  h  (v) •  The  sum  of  the 

external  moments  in  the  funeral  case  is  also  a  function  of  the  heeling 

ungle.  To  find  the  dependence  of  the  balancing  angle  on  the  moments  acting 
on  the  craft,  in  explicit  form,  aoer  not  appear  possible  owing  to  the 
complexity  of  their  determining  equations,  Eq.  (288)  can  be  solved  for 
the  angle  ^  by  the  method  of  successive  approximations. 

For  cases  when  the  moment  of  external  forces  is  independent  of  the 
heeling  angle  or  depends  so  weakly  that  this  function  can  be  neglected, 
the  balancing  angle  can  be  estimated  in  explicit  form.  For  an  approximate 
solution,  let  us  simplify  Eq.  (.288)  with  respect  to  this  angle. 


Analysis  of  Lqs.  (21})  ami  (219)  shows  that  as  the  angle  y  is 
i  no  refined ,  the  air  cushion  pressure  coefficient  for  the  lowered  side 

increases,  while  the  coefficient  p**  for  the  elevated  side  becomes  smaller. 

These  increments  are  approximately  identical  in  magnitude,  but  different 
in  3ign.  If  we  assume  ~p\  —  p,  ■-  p,  p'  ,  where  is  the  air  cushion 

pressure  coefficient  when  then 

/*i  -  Pi*  —  2  (/»i  n\)-  (28^) 

Let  us  introduce  yet  another  simplification  dealing  with  the  air 
cushion  pressure  coefficient  p*.  The  variation  in  tnis  coefficient  when 

acted  on  by  heeling  of  the  muzzle  ins tallation  is  dictated  by  the  change 
in  the  elevation  of  the  nozzle  as  well  a3  in  the  air  jet  exit  angle  relative 
to  the  support  surface.  Let  us  estimate  the  extent  of  the  effect  these 
factors  have  on  the  pressure  coefficient  pf.  The  contribution  introduced 

by  varying  only  the  jet  exit  nozzle  into  the  general  increment  of  coeffi” 
cient  p*,  caused  by  varying  the  heeling  angle,  can  be  expressed  by  the 

relationship 


r‘i  -fin 

p] -Pi 


f,  ,  I  I 


I  |  _  ,  *‘i  ln  *21 


-2*.  in  l. 


(290) 


where  p*  is  the  air  cushion  pressure  coefficient  of  the  external  nozzle  of 

the  heeling  nozzle  installation,  with  reference  to  the  variation  in  the 
nozzle  elevation  and  in  the  jet  exit  angle;  p*  is  the  air  cushion  pressure 

coefficient  of  the  external  nozzle  of  a  heeling  nozzle  installation,  with 
reference  only  to  variation  in  the  nozzie  elevation;  |5^  is  the  air  cushion 

pressure  coefficient  of  the  external  nozzle  when  the  nozzle  installation 
is  in  the  horizontal  position  (-y*  0); 


.  •  _  (I  Mil 

**  —  >m  Of,  ’ 

.  •  _  ,  _  2b, /B  sin  (>(,  -  1,) 

*2*  —  *  +  2/t/fl  -  »ln  v*  cost,  • 


k1 ,  k?,  k*,  and  k*  are  coefficients  determined  by  Lqs.  (209),  (210),  (21  ^>), 
and  (216),  respectively. 


Calculations  show  that  the  main  factor  determining  the  effect  of  heeling 
on  the  coefficient  p*  is  the  nozzle  elevation.  The  effect  of  the  jet  exit 

nozzle  in  manifested  relatively  weakly.  For  example,  for  a  nozzle  installa¬ 
tion  with  parameters  ft,  /}  (),0i  ,  <t  ,  l'»  ,  «| ,  0;/t  B  0.0}  an a  *  2°,  the 

proportion  of  the  increment  caused  by  varying  only  the  jet  exit  nozzle  when 
the  installation  is  heeling,  >,*  while  the  proportion  of  the 

r\  -  r  i 

increment  produced  by  varying  only  the  nozzle  elevation  height  is 

1  -  ~  0.99. 

/'i  -  P\ 

Thus,  we  can  assume  the  following  approximate  expressions  of  the 
pressure  coefficient  for  nozzle  installations: 

with  oclique  nozzle  cut-offs  ("y^  ^  0) 


1  r.  ,  26,/B  Mil  (»<!  -<f|) 

p,  ^  1  -  1. 1  +  2hrB-\^  '  cos>, 


|l  tj  n  T>)  col  ♦, 
nn  IV .  -  Vi) 


;  (291) 


with  fiorizontai  nozzle  cut-offs  ( Cp  =  ) 


Pi  1  -  r 


„  V>,  (1  j  '  «  \0_ 

Hi  II  k.ny 


Lot  us  make  one  more  assumption.  .analysis  of  Bq.  (246)  and  it3 
component  terms  shows  that  in  the  actually  observeu  ranges  of  variation 
in  the  flov.-through  width  of  external  and  internal  lea  (b^/B  ■  b^/B  • 

0.00b  -  0.02),  their  angles  of  inclination  (^,  »  «  }0~60°),  the 

stability  nozzle  placement  (B^/B  *■  0.2-O.B),  and  the  craft  elevation 

(h/B  m  0-0.0}),  a  variation  in  the  heeling  angle  has  a  relatively  weak 
effect  on  the  lift  coefficient  c  of  tne  nozzle  installation:  deviations 

yy 

do  not  exceed  +.5  percent  of  the  lift  coefficient  c  of  the  horizontally 

y 

arranged  nozzle  installation.  Therefore,  we  can  assume  that  the  coeffi¬ 
cient  c  does  not  depend  on  the  heeling  angle.  Then  for  the  case  of 

oblique  nozzle  cut-off 
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hopla  in*-  .1  r-q.  (i'BH)  trie  difference  in  coefficients  p* 
their  approximately  values  by  Lq.  (-09),  with  reference  to  c 
us  in/:  t-q.; .  (<".)■)  and  (29:.'),  we  /jet: 

for  ’»  nozzle  installation  with  oblique*  nozzle  cut-off 
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for  'i  nozzle  installation  with  horizontal  nozzle  cut-off 
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Jolvin/;  hqs.  (293)  and  (294)  for  the  an/jle'y,  we  get  the 
for  a  nozzle  installation  with  oblique  nozzle  cut-off 
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for  a  nozzle  installation  witn  horizontal  no/.;lu  cut-off 
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Mi,  ll  >1  sin  «Ti) 

111  (I  —  Pi  —  mt) 


(297) 


whe  ro 


Pi  “  1  - 


,  s,  y<  , 

^  A  H  “  ’ 
f 


lot  :s  do tormino  m#  hv  .iq. 

The  -ooffirient  of  u.<  iiiom't. '  ol  external  forces  appearing:  in  Kq.  (<?96) 


Vdl. 

rt.s.'f 
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!iy  (c’91))  and  ('•")'{)  wo  can  determine,  in  approximate  terms,  the 

balannin,  un/:le  of  un  air  cushion  vesicle  with  sect ionali zed  nozzle 
installation  if  the  overall  trox"nt  of  external  forcer, is  assumed 
to  be  independent  of  heel  in*  anple  p 


.  »i  tvrvtni  Cnuract'  rist.  i  ..  of  11* *  1  in,  tie.  tionali  •  <1  Kozzle  Inotulla- 

*  l  <  :i 

l«'i  us  determine  the  effect  that  trie  heel  in/:  un.ie  has  on  aerodynamic 
oha  r«c  te  .*■  i  tic::  o!'  t  plane  sect  ion.i  J  i  zed  no:  :.:le  instal  Jatjon  consisting 
of  i  .  iii  I-  -contour  annular  no. with  two  intornal  lon/'itudinal  stability 
no  .  I '  * :  i  ll>o),  for  different  • ;  1  a  1 1  i  1  i  ty  nuzzle  placement  and  different 

-  ovation  of  tno  craft  anove  the  support  surfueu. 

The  flow-throurd  widths  of  too  txUrnai  «no  internal  nozzles ,  the 
anil's  of  tla  ir  generatrix  inclinations,  an  th-  ir  cut-off  angles  will  be 
assumed  to  ho  identical  bJB  =0,01;  tp ,  q.  -la 'and  m  \j-;  -45°. 

We  will  vary  the  placement  of  the  internal  nozzles  within  the  limits  from 
f \,/B  *-  o.p  to  h  [f  |  o  071  -hat  i  t,  to  the  position  at  which 

the  inter.  il  no.  *.]es;  ar**  in  contact,  wit;,  tl.e  c  >  t«  rriai  ,  formiri/;  a  3in/;le- 
■  on  ton  i-  nos.  ie  instal  t*ion.  'We  will  vary  t.-.e  holinp  an»;lf  within  the 
limits  y  =  u-  ry0,)  i.ui  the  e  ievat.it  r  of  tn«*  craft  above  th**  support 

surface  —  within  Vie  limits  h/h  =  7-0. u5. 

dpec  i  fyinp  th«  artyle  y  to  tax:**  or:  different  values  for  discrete 
vilut  of  parameters  !'  ./;>  and  h/B,  le»  ns.  calculate  th*  air  cushion  pros- 

•air*  ceet'f  teient  and  the  .nsehar,v  i  o»  ffi-*innt  of  a  no •/./.!**  installation, 
and  then  1 « •  t  us  find  toe  lift,  eoef  li  i.  nts ,  the  restoring  moment,  and  the 
transverse  static  stability. 

Air  -ushior  pressure  coefficients.  Ir.  trie  ease  when  the  nozzle 
installation  is  horizontal  r.  lative  to  the  support  surface  (  0),  the 

air  cur.ni  n  pressure  coefficient  both  for  trie  evt,,.rnai  as  well  83  the 
internal  nozzles  are  independent  of  the  stability  nozzle  placement  and 
•ire  di  tt  mined  by  tin  f lov-U.rouyh  wiith  of  the  nozzle,  the  an^le  of 
incli.nati  r  of  its  generatrix,  ar.o  tn<  elevation  of  the  nozzle  installation 
above  tr .•  *  support  surfa  a*. 

ilee.ir.K  of  the  nozzle  installation  leans  u  a  rise  in  the  air  cushion 
pressure  oefficient  p?  of  the  external  nozzle  of  the  lowered  side  and 

they  drop  in  the  pressure  coefficient  p*»  of  the  external  nozzle  of  the 

elevatea  side  (Fifc.  I1//).  This  i.:  -aused  by  variation  both  in  tl.e  eleva¬ 
tion  of  trie  nozzle  cut-offs  as.  we.  a  ir;  the  air  jet  exit  an^le  relative 
to  the  support  surface.  The  position  of  ts.  stability  nozzles,  defined 
by  the  {>n  rams  ter  B^B  here  has  no  of  ft  t  on  the  pressure  coefficients  p* 

and  ;;**  of  the  external  nozzles. 

The  pressure  coefficients  p*  anc  p**  for  trie  internal  nozzles 

€  #T 

(stability  nozzles)  an  functions  of  the  heelirwe  ar.^rle,  when  they  are  in 
different  pi  cement  arran  ements  in  trie  nozzle  installation  and  for 
different  elevations  of  trie  supnort  surface,  are  shown  in  Fir.  1^0. 


r 


t  ig.  150.  Calculation  scheme  of  '.ection- 
ulizcd  nozzle  installation  with  horizontal 
nozzle  cut-off  for  small  heeling  angles 


nhon  tnc  nozzle  installation  in  heeling,  tne  pressure  coefficient  p* 

increase:.  and  ut  the  moment  when  h  nice  of  the  nozzle  installation  touches 
the  support  surface,  determined  by  trie  limiting  value  of  the  heeling  angle 
yBp  arcsin  2/i  li,  has  the  maximum  value:  p*  =  1.  The  coefficient  p**  expressing 

the  pressure  at  the  elevated  side  oecr-ases  with  increase  in  angle 

.Shifting  the  internal  nozzles  toward  the  side  of  the  longitudinal 
axis  of  trie  nozzle  installation,  that  is,  reducing  the  values  of  the 
parameter  B.;/B  for  the  same  angle  y  leads  to  some  dccre  3e  in  the  coeffi¬ 
cient  p*  and  an  increase  in  th*  coefficient  p*#.  This  is  because  as  the 
parameter  B,/B  is  reduced,  th<  ■  .t-off  o f  the  internal  nozzle  on  the 

lowered  sine  is  at  greater  distar,  es  from  the  support  surface,  the  effect 
of  ground  proximity  on  jot  lischargo  is  attenuated,  and  the  coefficient  p* 

becomes  "viller.  The  cut-olf  of  trie  inte  rnal  nozzle  on  the  elevated  side, 
conversely,  approaches  ttn  support  surface  as  the  value  D,,/B  ia  reduced, 

whicr.  then  leads  to  u  rise  in  the  coefficient  p**.  The  effect  of  the 

parameter  V>  J B  on  the  coefficients  and  p**  is  the  more  marked,  the 

higher  the  elevation  h/d  of  the  no... .It*  iiista llation  of  the  support  surface. 
This  effect  shows  up  to  greater  extent  in  the  pressure  coefficient  p** 

of  the  elevated  side. 

Discharge  coefficients,  when  the  nozzle  installation  is  horizontal, 
the  discharge  coefficients  of  the  external  and  internal  nozzles,  as  well 
as  the  air  cushion  pressure  coefficients,  are  independent  of  the  stability 
nozzle  placement  in  the  nozzle  installation.  As  the  angle  of  heeling  *y  is 
increased,  the  discharge  coefficient  Q *  of  the  external  nozzle  at  the 

d4  0 


fl,  '*  U 1 

■ it  ce<  »/j  cm/  nr: 


Fig.  ,l7.  Air  cushion  pressure  Fig.  1‘>B.  Air  cushion  pressure 

coef fi'  ii  nt.  of  external  nozzles  coefficients  of  internal  nozzles 

an  functions  of  heeling  angle  of  as  functions  of  heeling  angle  of 

plane  so  tionalized  nozzle  instal-  plane  sectionalized  nozzle  instal¬ 
lation  for  different  elevations  lation  for  different  elevations 

al>  ivc  support  surface:  above  support  surface  and  differ- 

a  and  b  —  for  lowered  and  elevated  <  nt  nozzle  placements  in  the 
nozzles,  respectively  nozzle  installation: 

a  and  b  —  for  lowered  and  e leva  tea 
nozzles,  respectively 

lowered  side  bccorios  seller  an  i  that  trie  moment  t:ie  nozzle  installation 
touches  the  support  surface  with  its  side,  df  te rained  by  the  limiting 
value  of  the  heeling  ar.gle  y  arcMii  2/j.#.  becomes  equal  to  zero  (Fig. 

The  discharge  coefficient  & of  tne  cxu  rnal  nozzle  at  the  elevated  side, 

with  increase  in  the  angle  y,  rises,  and  does  so  noix?  rapidly,  the  smaller 
the  elevation  h/B  of  the  nozzle  installation  above  the  support  surface. 

The  variation  in  tne  total  discharge  coefficient  CC  of  external 

nozzles  as  functions  of  the  heeling  angle  y ,  for  different  elevations  h/B 
of  the  nozzle  installation,  are  also  shown  ir.  Fig.  lt)9.  Thin  coefficient 
pertains  to  the  overall  flow-through  area  of  the  external  nozzles.  As 
applied  to  this  particular  nozzle  installation,  by  oq.  (py2)  we  have 
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Ki I*>9.  Discharge  eeoffi«  lento  of  external  no/./.lof; 
:i:<  functions  of  he°lin»'  anrl<  >1  plant.'  fit* 'tionalir.ed 
no/./.lc  inr;  t.allatlon  for  oif  feront.  e leva  lions  above 
support  surface  {  tf) ,  »  /’.a0;  o./fl  0.01) 


Hi#;.  '60.  Ui:.'  .ir,  c  ■  ;«>•  J  fi  i<  nt:i  of  internal 
no/.;’. Ion  a:;  fun  tionr.  of  r.e<  J  i ri, ■  « n / .  1  •  •  of  plane 
sectional  i/.e;l  no’/.v.le  insta J  la  ti  on  ft  r  different 
elevatior.fi  above  support  f.u'-fa  ■»  l  (0  =  ^  »° )  s 


a  ~  wnen  «=  O.b 

b  —  when  B?/B  =  vur 


li«H  1  i?./:  of  a  pl*uir  an.  i»  ir.:;  La  1  la  li  on,  with  its  ♦  *!<  vation  from  the 
ipport.  :i  -fiice  kept.  • « >m*  tan  t  ( 1^  >  »r  >  >0,  lends  t  *  reduction  in  the 

to  la]  <!i"  'iiar/,v  i-iwl'l'i  i<'rit  Cf,  of  tr.  t  t>  snul  m  •■./.]<•:! .  t :  / 160  shown 

tw  > •  1' r<  -t  t.ha the  he*-lin  •  •  i r 1 4 , 1  •  •  ^  n  i:  .  i  t ; i* ■  li.uhnrpe  euef  fieionto^f  £ 

•tri'l  Ok  *•»  mi  on  Uk  total  mm  ham.  ■o.-lTi  ientof  of  the  in tornal  no*/,  lea 

f<r  thr*  specified  position  in  the  n  7,  .<•  installation  (B  ,/b  -  0.6)  and 

for  different,  elevation  !i  uhov<  *, •  e  support  nor  1  '  .  fhe  oeffieiont 
(X  in  piv.-n  xith  respect  t.  the  overall  fl  ow-tnroupn  a  r*  a  of  the  internal 

ricvil'-n  an-.s  in  determined  by  tb<  mma 
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Fig.  Hj1 .  Total  discharge 
■oc  f f icient  of  piano  sectio*  ali/.ed 
nozzle  instul  1st  inn  as  functions 
of  heeling  angle  for  different 
elevations  above  support  surface 
and  different  stability  nozzle 
placemen  t 


change  in  angle  V  .  Fig.  H>0  also  shows  the  •  ffect  of  stability  nozzle 
position,  determined  by  parameter  b  / is  on  the  overall  disenarge  coefficient 

t X  of  In*  internal  nozzles. 

The  total  discharge  ooeffici* nt  (X  ol  the  nozzle  installation  83  func¬ 
tions  of  nee  1  inf:  angle  for  different  oie vatiorcanci  for  different  stability 
nozzle  placements  is  ohown  in  Fig,  HI.  An  applied  to  trin  installation, 
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Ac  we  can  see,  neelirg  of  a  pi*u,<  tionali/ed  nozzle  installation 

reduces  the  total  d  is  char, x  co<  ffi  lent.  For  the  same  flow-through  width 
of  the  external  and  internal  nozzle."  (h,  =  b  )  and  identical  angles  of 

inclination  of  their  generatrices  (q  -  <f  ,),  a  variation  in  the  placement 


of  the  internal  nozzles  in  the  nozzle  installation,  that  is,  in  the  para¬ 
meter  8  ,,/H,  weakly  affects  the  <i  in  "barge  coefficient  CK ,  LVen  in  the  case 

when  the  nozzle  installation  heels  by  tr.e  maximum  angle  ^  f  /ip  -  maximum] 


at  which  one  of  the  edges  of  the  nozzle  installation  touches  the  support 
surface,  the  difference  in  the  dischar^x'  coefficients  0r  when  the  stability 
nozzles  are  displumed  in  the  range  from  8,/b  »  0.972  to  h^/B  ■  0.2  does  not 


•exceed  ~  h  percent  f  r  all  the  elevations  h/b  considered. 


a  a 

•  j  1  ‘  I  •  •  •  •  • 

I  H  t  t>  f  /* 

*) 

r'j,'.  •»>,*.  Components  of  lift 
'•oeff  icient  of  ai r  cushion 
acting  ut  the  external  button 
sections  us  functions  of  the 
heeling  angle  of  the  plane 
aectionali'/«*fl  nozzle  installation 

( y  J  H  -  0.6): 

a  ~  for  lowered  nozzle 
b  --  for  elevated  nozzle 


Lift  coefficients.  The  hoe]  in*  angle  y  of  a  plane  uectionalized 
nozzle  installation  affects  the  component!’,  of  the  lift  coefficient  due 
to  reaction  forcoo  of  air  jets  exiting  I'rom  the  external  nozzles.  Analysis 
shows  that  a  rise  in  the  angle  -v  r>  <n.  e  trie  components  c#  .  and  increases 

yp 

the  component  c**  of  the  lift  in  all  too  elevations  h/B  of  interest. 

v  r 

Thio  is  because  with  increase  in  the  heeling  of  the  nozzle  installation 
the  support  surface  exerts  a  varying  compressive  action  on  the*  air  jets 
exiting  f*ora  the  lowered  and  elevated  '-xternul  nozzles.  Ah  the  result, 
the>  volume  flow  of  air  in  the  nozzles  or.  the  lowe*rcd  side  becomes  less, 
while  it  increases  in  the  nozzles  on  the  elevated  side,  reflected  in  a 
change  in  the  momentum  of  the  jets  and  tm*  reaction  forces  they  produce. 

For  a  nozzle  on  the  lowered  side,  a  rise  in  the  angle  y  increases  the 
components  c*c  while  it  reduces  the  component  c»*  1  —  for  a  nozzle  on 

the  elevated  side.  This  pattern  of  variation  in  these  coefficients  results 
from  the  aerodynamic  effect  that  #;round  proximity  exerts,  evidenced  in  a 
rise  in  the  excess  pressure  fore-  in  the  no/.  !e  nt-off  plum  as  the 
distance  between  the  no/.  -.J.  and  u„.  .wppnrt  :;i„  c,..  .•  j„ 


V.  ith  increase  in  the  angle  Y,  «  <  »ff;  •  ient  e* 

'  ypf'  1 

nn./le  on  tno  1  owe red  side  initially  is  reduced,  and 
minimum,  arid  further  increases,  while  the  efficient 


for  the  external 

then  reaches  its 

,  for  the 
ype  1 


*  xternal  nozzle  on  the  elevated  side  increases  throughout  the  entire  range 

of  angler.  >  .  This  pattern  of  variation  in  the  coefficients  c*  .  and 
i  ype  i 

c«*  .  in  due  to  the  different  values  of  the  increments  in  the  pressure 

y^  1 

forces  ar.  i  in  the  jet  reaction  forces,  when  they  arc1  lir.eur  and  angular 
displacements  of  the  external  nozzles  under  the  effect  of  variation  in 
the  art/  1*  . 


He*  ling  of  the  nuzzle  installation  has  practically  no  effect  on  the 
coefficient  ■*  .  Trie  coefficient  c**  inert;  t«eo  somewhat  as  the 

yp.  *  yp<-  ■ 

angle  of  heeling  beroirrs  greater. 


Kuntions  of  the  coeffi  - rents  ■*  mi  *  *  ,  of  the  lift  reduced  by 

jv  yp  1 

tin  air  cushion  pressure  ever  t;  ■  not  tom.  sections  lyiri/;  between 

th*'  e>t*  rnal  anti  interna  no. ..ties  ar*  rr.own  in  Fig.  16?.  These  functions 

wo  re  calculated  by  ilqs,  (.'/))  and  (.  h)  for  one  of  tno  stability  nozzle 

position!;  (H„/B  -  O.h).  The  lift  :o«  *'fi  lents  r*  ,  and  c*«  ,  ure  mainly  pre- 
'  r  '  yn  1_  yn  1  1 

letornir.  <i  by  the  air  cashier,  pressure  oei'f i  :ients  p*  anti  p*#,  therefore 

*  von  the  pattern  of  variation  in  the  lift  coefficients  as  a  function  of 

angle  and  elevation  h/B  remains  approximately  the  same  as  for  the  air 

cushion  pressure  coefficients:  witn  in  -reuse  in  th*-  angle  Y  ,  the  coeffi- 

-i<-nt  ,  rises,  wr.ile  th*  coo ff  ic  rent  c*»  ,  decreases  h/H  for  all  the 

yn  1  yn  1  / 

elevations  considered. 


'fix-  |  r*  !t!;ure  coefficients  p  appearing  iri  iu).  (P64),  under  trie  adopted 


asr.umpt.icr,  that  the  air  cushion  presume  is  independent  of  the  heeling 

angle  for  cottom  sections  bound.  by  tr.<  internal  nor.-.-. her,  was  calculated 

based  on  tn*  average  elevation  ;.  t  fore  tbe  coefficient  c  ,,  also 

yn  c 

is  independent  of  th*1  r.ooling  a- t  1*  and  is  determined  only  by  this  eleva- 
tioru  A.  r.nowr.  by  :al culations.  tab i  a.-eount  of  the  variation  in  the 
pressure  coefficients  p*  and  J5 *  *  as  a  function  of  the  angle  y  introduces 

practically  no  changes  in  the  end  r<  -  o’.  to  of  determining  the  totul  coeffi¬ 
cients  c  the  difference  ir  tr.*  efficients  does  not  exceeds  2  percent 

yn  2 


of  c 


yn 


determined  with  reference  to  variation  in  the  angle  if. 


'Hi**  lift  components  acting  at  the  nozzle  cat-offs  and  over  the  external 
anu  interna]  sections  of  th* ■  nozzle  installation  bottom  as  functions  of 
the  heeling  angle  for  a  specified  stability  no/.zle  position  (B.VB  ■  0.6) 


and  different  elevations  h/fl  of  the  nozzle  installation  above  the  support 
surface  an  shown  in  Fig.  16<.  Them  coefficients  were  determined  by  the 
formulas.  _  •  ,  ••  •  ..  . 

*  /P<-  I  hPC  I  r  CDIH  I.  Cypc  2  _  Cyp,  1  f*  Cypi  C yp  |  =  Cy„  |  -f  C yn  f 
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Fig.  16}.  Lift  coeff ioient  compo¬ 
nents  a3  functions  of  the  heeling 
angle  of  the  plane  sectional ized 
nozzle  installation  for  different 
elevations  above  the  support  surface 
(B^/B  -  0.6) 


on _ 

0 

if 

Fig. 

16/}. 

Lift  coefficient  of 

heeling  angle  of  plane  nectionalized 
nozzle  installation  for  different 
elevations  above  the  support  surface 
ma  for  different  stability  nozzle 
placement  x 
a  —  B^/B  -  0.2 

b  —  'z>rj B  •  0.4 

c  —  B^/B  -  0.6 

d  —  B. /B  -  0.8 


<-■  —  B2/B  -  0.J12 


Iii  r'ig.  165  we  can  see  that  heeling  of  the  nozzle  installation 

increases  the  lift  coeffi  -tents  <•  ,  and  c*  ,  acting  at  the  cut-offs 

yp  •  yp<-  ‘ 

of  both  the  external  anti  tin*  internal  no  .’led.  The  smallest  value  of 
these  coefficients  occurs  wh*  rt  tho  no-  lo  installation  i:i  horizontal 
(  y  b  0 )  for  all  its  elevations  above  (.!,<•  .'round  surface  in  the  ran^.*  covered. 
Thin  in  due  to  the  fare  that  an  th<-  angle  i~*  increased,  the  resultant  of 
the  pressure  forces  and  the  jet  reactions  acting  at  one  of  the  nozzle 
cross-sections  always  makes  up  for  the  decrease  in  the  resultant  force 
acting  at  the  nozzle  cut-off  on  the  opposite  nidi  . 


In  this  same  gra ph  we  can  see  t>.<  effect  tr.ut  trie  heeling  ungle  has 

in  the  li  coefficients  e  ,  acting  over  the  bottom  sections  lying 

yn  1  J 

between  trie  external  and  internal  nowle:-.  For  small  elevations  h/B  heeling 

of  the  nozzle  installation  leads  to  a  ne  rease  in  the  coefficient  c*  , . 

yn  1 

For  an  elevation  h/B  »  O.L,  a  variation  in  the-  a  rifle  y  relatively  weakly 
affects  t  .<•  coefficients  c  ,  .  ror  relatively  iar.ee  elevations  (h/B^  0.5), 

fie. •!  inf  of'  the  nozzle  lr.stal  lata  r  leads  to  an  in'- n  an*  in  the  lift.  This 

pattern  of  variation  in  tin  function  1  *  f(y,  h/B)  is  foverned  by  the 

pattern  of  variation  in  the  <-(wff  ic  lents  n*  and  p?*  r  f  the  uir  cushion 

produced  by  the  external  nozzles:  with  increase  in  the  heel  inf  angle  y  for 
small  <•  1  ev  .tions,  the  croffir jent  p**  m  cixases  fustcr  for  the  elevated 

side  than  the  coefficient  p *  or.  the  lowered  side  decreases,  while  for 

iarfe  elevations,  conversely,  trio  coefficient  pf*  decreases  more  slowly 

than  the  coefficient  p*  increase:;. 

Hc-nultn  of  determining  the  dependence  of  the  total  lift  coefficient 
c  of  a  plane  scctionalized  nozzle  installation  on  the  heel  inf  ungle  y  for 

different  stability  nozzle  placed  r.ts  i‘  'B  and  different  elevations  h/B 

above  the  support  surface  ar<-  sne.r.  :  ri i.  164. 

As  we  can  see,  when  t:.e  rev./.  1<  installation  is  horizontal  (Y  -  0), 
we  have  extremal  values  'f  trie  lift  >efi'icient..  For  small  elevations 
and  for  the  horizontal  position  of  tho  nozzle  installation,  a  lift  maximum 
in  observed.  Heeling  ol  the  nozzle  i*  itallutior.  at  these  elevations 
leads  to  a  marked  drop  in  the  lift.  .1  ,  relatively  large  elevations  h/B, 

onversely,  the  smallest  value  of  the  oefficient  c  occurs  when  the  angle 

*/ 

y-  0.  in  this  cane  heeling  of  the  nozzle  installation  is  accompanied 
by  an  increase  in  the  coefficient  c,  ,  thut  is,  by  an  ir.cro  ne  in  the  lift. 

y 

Coefficients  of  momentn.  The  moment  coefficient  m  ,  caused  by 

xp  i 

the  pressure  forces  at  trie  cut-offs  of  the  external  nozzles  and  the  air 
jet  reactions  as  functions  of  heeling  angle  y  for  a  nozzle  installation 
are3hown  in  Fig.  l6t>.  These  functions  were  calculated  by  Eq,  (269). 


-Of’ 

-0.07 
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Fi^f.  16‘j.  Components  ol‘  moment 
coefficient  as  functions  of  the 
heeling'  angle  of  the  plane 
sectional  ised  nozzle  installation 
(B?/B  -  0.6) 


From  the  graph  we  see  that  heeling  of  tie  nozzle  installation  caused  a 
tipping  moment  and  one  that  is  the  larger,  the  greater  the  elevation  h/B, 
though  of  itself  the  value  of  thia  moment  in  very  nli(;ht.  The  appearance 
of  the  tipping  (positive)  moment  is  caused  by  the  fact  that  us  the  angle 
y  is  increased  the  lift  of  the  external  nozzle  on  the  lowered  side  becomes 
less,  while  the  lift  of  the  external  nozzle  on  the  elevated  side  becomes 
greater.  This  effect  results  frout  tno  action  of  the  air  ,iet  reaction, 
which  in  the  greater,  the  farther  tnc  nozzle  is  from  the  support  surface. 

Fig.  16‘j  presents  in  graphical  Ton.!  also  the  results  of  calculations 

r,  as  functions  of  heeling 

c. 

angle  y  .  A:i  we  can  see,  heeling  of  the  nozzle  installation  r 

tipping  moment  to  be  induced  for  all  toe  stability  nozzle  placements 
B,,/B  and  all  elevations  h/B  of  the  nozzle  installation  above  the  support 

4- 

surface  considered.  Shifting  the  stability  nozzles  in  the  direction 
toward  the  external  nozzles,  that  in,  increasing  the  parameter  B  jB,  leads 


based  on  nq.  (270)  of  the  moment  coefficient  it. 


xpr 


to  a  rise  in  the  coefficient  of  tipping  moment  m  ^  ^ .  The  largest  value 
of  the  coefficient  m  2  is  reached  when  3^/B  -  0.h72,  when  the  stability 
nozzles  directly  abut  the  external  nozzles.  The  value  of  the  coefficient 
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The  orient  cnef fi"i‘Tit  in  .  an  'f.r; 

x  r. 

f  l  nr.  of  tne 

mi,']i  y,  calculate 

by  .vi.  (  71),  in  also  riven  in  Fir.  '  , 

1  •  o.  wii.-nre 

we  can  sec 

that 

heel  inr  of  the  no  /./.In  mstai  latior.  •a,.r> 

i  restoring 

(negative  ) 

moment, 

in-iu  ••»(!  ly  th»*  excess  iir  -  in:  n  r<  ;r<  i.vc:  tn<  bottom  sections 
bounded  by  tn**  external  no.  .  a?  ■  •  ' abi  ity  m  lea .  .-it  the  distance 

between  trie  stability  ?  o  j'  -  rr.a J  n<  ie«  in  in  Teased,  that 

is,  with  leorear.o  in  ’’<■  p  i ••  >  •  ,  efficient  <T  the  restoring 

moment  r.  ,  riser.. 

v  r  1 


Th>'  •o"l'fi'  ient  .v  • 


in 

xp 


xn 


By  crnuiiri, 


Tti!,  it 
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'"•'ll  /i  (v).  *  w‘  Hn  :  1  (>  ’'-at  t  •  'j  ^  ano  nXp  .  taken 

together  arc  twr.-three  orders  sna'l'T  thar:  t:.e  vali.es  of  the  moment 
coefficif  nt  m  1  for  the  ■  Mire  ranr<  cf  variation  in  the  hcclinr  angles 

("y-  O-?1  •'.')•  )  arid  rtal.i:  ty  .*  r  la  a-meM  <•  (  /}•  e  o.B- G.H).  For 

example,  for  the  ear."  .v!«  .  vn.  r.  y  1  ••  and  r  *  J.O,  the  ratio  of 


these  coefficients  ir 


//Iirr  ,  M  ii  .  ;  __ 

,n*n  i 

O.0WK211')  I  Q.OOOW2  ()  ty, 

0.019-’ 

that  is,  th<  sun  of  the  nomnts  i no o a' d  by  the  outflow  •"  *  '  I:  the 

external  and  internal  nuzzles  doe.:  r.et  exceed  per  •  :  *  <  i  no  <x?ffi- 
ei<  nt  of  Ms**  moment  induced  by  the  action  of  the  air  u;.’.  v**r  the 
bottom  :ir'.  tions  enolor.ed  between  th*  re  no  vies.  -ntr.  n<  :»  in  both 

the  angle  -y  an  well  as;  parameter  H.,/ B,  this  ratio  it1  'it  coeffi¬ 
cients  do  reason  the  faster. 

The r- •  fore t  we  can  neglect  the  moments  induc  e  by  t:  •  pressure  for  es 

at  the  cut-offs  of  the  external  and  internal  nozzle.  .  r.  n  induoeo 

by  the  actions  of  air  .rets  outflowing,  from  tr.esc  *,  i  .  .  a  vre  can 

assume  ♦rat  the*  moment  acting  at  tn**  no.  v.le  instnllat.i  .  while  is 

equal  to  the  moment  inuu  el  by  the  aeticn  of  the  lir  :  over  the 

bottom  sections  enclosed  between  th<*  •  xternai  and  internal  r.  lea,  that 

in ,  r  n  m  ,  . 
i  xn  1 

Coefficients  of  transverse  static  .^ability.  ?i /,.  ''  presents  the 
coefficient  m^  of  the  static  stability  of  n  plane  soc'k  .i.i/.eci  nozzle 

installation  as  a  function  of  its  elevation  h/B  above  the  suppert  surface, 
for  different  stability  nozzle  placements  b.,k  in  Ur  •  .  <  installation 

for  tne  case  when  the  craft  in  hori/onta.  ( -  °).  The.'  !  .notions  were 

determined  by  fclq.  (,’U1)  and  are  given  with  respect  t* 

Therefore,  ut  the  moment  th<  'raft  lifts  from  tr.i  r  .opr  zt  .surface 

and  at  very  slight  elevations  trie  *raf '•  is  practice.  :y  r  ut;  »  .  This  is 

because  that  very  small  elevali  -rn  i.1,  0.0^),  heel;  „■  cl  tne  craft  by 

some  angle  yields  praeti  -ally  r  j.r.<  :vn«-n*  ir  ,n..  no.t.en*  'oeffl  ient 

,  since  for  tne  so  >  eva  tior.r;  Tie  uir  -ur.hion  pressure  ;o<*ffi  ier.t  for 

tne  external  nozzle  or.  the  lover*  u  v  ipfj  as  vie  i  1  as  t  >:  the  external 

nor.zle  on  the  elevated  side  (fi.**)  < i « * t. *  rminin,;  t r .>  norm:.-.  .-oeffi  ict  m 

x 

are  practically  identical  (p*  ~  pf*z&  -»nd  br.<‘±r  iiflYjvn  i  ir  close 
to  zero  (of.  Fig.  I^y). 

Beginning  at  the  elevations  h/l)  ~  O.OO^-O.tX)),  st  it.  •anility 
increases  rapidly  with  increase  in  h/ll  and  at  some  elevuti  e.  n  aches  its 
maximum,  and  then  (gradually  dec  re uses  ar  elevation  h/T  *s  -r.ereaued.  We 
note  that  the  optimal  elevation  (h/fl)(„mc.f  the  (.raft  at  vn]--h  the  coeffi¬ 
cient  my  takes  on  the  smallest  value  is  independent  of  the  stability 

nozzle  placement  in  the  nozzle  installation  determined  ..y 

T'jI 


ti»**  pa  rune  ter 


Fir.  Optimal  (na..>  :  n  !.*•«• 

.nri.l  1 .  >  >i.-  «i;  ire  iTWitmu  i  talic 
ntafiJitvj  elevation  of 
inn  ta  11  a  t  i i>-.  a?  functions  of  fiow- 
tarou  ti  width  of  *xt*:nai  n< ■ .  1*  i. 

for  vl  l  f!  •  ■  rarit  anrl'ii  "1'  rm./lf 
i  r  i  na  •  ion  l  =  u ) 


Fir.  ‘'>0.  Minimum  coefficient 
!  trani-vi  rue  stati  stability 
ur.  functions  of  stability 
no-.-.lf  plu  -onient  for  different 


flow-throurh  width  of  external 
no  .s.lo  (<f,  *=  (p,  »  V°;  y.  »  y 


■‘■>r ;  7p  <>) 


Fi;'.  'oo,  Jov  !'fi  ient  of  transverse  static  taoiiit’,  if 
I  1  inc  notional  i  ■<  .  rio/.-.lt  installation  ar,  fun-'ti  ,f 
•  vat.  ion  abov*-  cuppi  rt  r.urt  ice  I  a'  diff**i"tnt  :ital  i  1  i  t.» 
novo.,  it-  pi  aco  merit  (u  /  \\  «  t  /  ii  .  ^  «  vj*,n. 

'V  •  -  V  -  o'  0): 

a  —  wfien  y  =  '  1 


B,,/B  and  in  a  function  only  of  the  f  low-throuf'h  width  of  the  external 
nozzles  and  their  an^le  of  ino2  ination  ^  . 

For  thin  position  of  the  craft  relative  to  the  support,  surface 
<Yi  c=  0),  this  optima]  elevation  can  he  found  by  rlq.  (iPB}),  ami  the 
minimum  coefficient,  of  transverse  static  stability  coriv spend  in/  to  this 
elevation  cun  be  found  by  hq .  ( F!)h ) . 

The  optima i  elevation  (h/B)^„j^  of  a  craft  when  it  i.  sorizontu  1 ., 
with  renpei*t  to  tin-  support  surface  is  calculated  us  a  fun  ‘ion  of  tm- 
relative  f  1  ow-throu,;h  width  b^/B  of  a  nozzle  for  aifferrn’  uncles  <  f 

(•eneratrix  inclination  ^  by  Kq.  (,'m^)  and  is  presented  in  Fi/;.  H>7. 

The  pattern  of  variation  in  minimum  values  of  the  coefficient  of  transverse 

static  stability  (ml0)  .  ,  us  a  function  of  the  stability  nozzle  place- 

x  min 

ment  B.,/B  for  different  flow-throufh  width  ( b ^ /H ) oi  nor.,  les  and  for 

a  constant  an/;Ie  of  inclination  (f  -  4‘,'C  is  clear  from  an  inspection  of 
the  curves  in  Fir*  *bB,  plotted  by  r.q.  (k3b). 


The  placement  of  tr.e  stability  nozzles  (cf.  Fi<;c.  Hk  me  U>fl)  strongly 
affects  the  static  stability  of  u  craft.  As  the  parameter  r..,/b  is  varied 

from  O.M  to  O.h,  the  coefficient  mYn  increases  nearly  b.  »  lactor  of  two. 

x 

The  closer  the  stability  nozzles  lie  to  tht  aiamctral  p:an-  of  tne  craft, 
the  /Tenter  stability  an  air  cushion  vehicle  exhibits.  However,  a  decrease 
in  the  parameter  B^/B  leads  to  a  reduction  in  the  craft  if'. 

Pi/;.  1  (>')  •»  and  b  present  the  functions  of  the  cocfl'i  •  i <  fit  of  the 

transver:  <  static  stability  of  a  nozzle  installation  ( balance  i  at  heeJin/: 
uncles  *  }()'  arm  1°),  calculated  hy  iiqs.  (f/h),  (F’/B),  anu  (f’77)  -  (?60). 

In  the  same  figure  a  dashed  line  shows  the  maximum  elevation  h/B  =(nin  Yi  )A 
for  which  the  nozzle  installation  toucher  tne  support  surface  with  an  ed^c  of 
an  external  nozzle  for  a  specified  tuiancin/’  un/'le. 

As  we  can  see,  as  the  balancing  an/;le  is  increaneo,  the  static  stabi¬ 
lity  craft  becomes  less,  and  the  optimal  relative  c leva  tins  lh/B^at 
which  the  static  stability  in  the  /greatest  in  this  case  rises  somewhat. 

In  the  zone  of  elevations  (h/M)  above  the  support  surface  of  practical 
interest,  the  static  stability  of  the  sectional  izeu  nozzle  installation 
increases  with  decrease  in  the  f  lnw-throu/;h  width  (b,/b)  of  tr.e  contour 

nozzle  f»  r  unchan/Ted  elevation  (h/b).  The  pattern  of  the  cnnn/jc  in  this 
function  is  /craphioally  shown  in  Pi/;,  1'fO  for  a  no.  zlt  installation 
bu  la  reed  in  the  horizontal  position  ( yj  -  0),  where  th«  family  of  curves 
ml’  f  h'B,  «| ,)  in  plotted  by  iiq.  (<.’01  )  for  the  case  <p  .  -  4p°, 


on  ji v  M)  no*  cob  m  tot  oos  hit 


Ki # t •  170.  Gooff ieierit  of  transverse 
static  staoility  as  functions  of 
elevation  of  a  p.inn<'  aootionalizod 
nozzle  installation  for  different 
f low-through  widths  of  external 
nozzle  -  46°;  B^/H  -  0.6; 

the  envelope  is  indicates  with  u 
dashed  line) 


i^/B  -  O.h  and  different  flow-thr  ug>  widths  of  the  contoured  nozzle 
(b^/B  -  0.906  -  0.026). 

With  unchanged  relative  elevation  of  the  r.o  .  installation  above 
the  support  surface  (h/h  -•  0.01’),  a  i<  -  roaro  in  u.<  flow-through  width  of 
the  nozzle  from  b.j/B  0.02  to  b./B  =  0.01,  that  iu,  by  a  factor  of  two, 

reduces  the  coefficient  of  t  r-i>  .'  v<  •  se  -static  stability  from  cY°  *  -0.0064 

to  mY°  3  -0.0190,  that  is,  by  :;.or<  u  hi  t  factor  of  three.  This  pattern 

Tit 

in  a  ei-e  t  -onaequence  of  determining 

the  coefficient  of  transverse  stati  .  tabil  it.v,  which  is  |jni  -  -  , 

v  .0  AV 

given  for  a  heeling  angle  of  1  . 

Let  u:;  explain  this  situation.  Heeling  of  nozzle  installation  differ 
in,:  only  in  the  flow-through  width  >f  a  contour  nozzle  (b  and  b/  )  for 

identical  elevation  (h  =  const)  by  some  angle  Ay,  for  example,  by  1°, 

yields  identical  vertical  displaced-  nts  h*  and  h**  of  the  exit  edge  of 
the  nozzles  relative  to  the  support  surface  (Fig.  1 7 1 ) .  For  this 
example,  we  have 


Hi,;.  iyi.  Fur  determining  the  coefficients  of 
transverse  static  stability  i  nozzle  ins ta] lation3 
with  small  and  lur,;e  f low-throuKh  width')  of  contour 

no;: sit* : 

a  —  runfjr  of  variation  in  parameter  b/h  when  the 
anftle  of  heeling  1°  applies  to  a  small  nozzle 
b  —  a3  above,  for  a  lar,;c  nozzle 


y  \!'  -  ».'*  -  =  0.01127 


//  H 


me  . 


Here  the  paranetorc  b/h*  and  u/\**  will  have  smaller  values  for  u 
nozzle  installation  with  small  flow-through  nozzle  width  than  for  a  nozzle 
installation  with  larpv  width.  Thus,  for  a  nozzle  installation  with  small 
flow-throiifh  width 

0,01  - 

h'  h  C  ~~  0.0S  ' 

bH  _  b  jlt  _  0,01  _ 

h*  hmii!  ~  0,01 1  if  ~ 
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1‘>K  r  fi  <*  n  rt  •.  i.  is  tlx*  pn  iu<  t  of  ttx'  iirr/i  r  I  In*'  tot  tom  section 

■  f  •  1  i j  i  ••  twc"n  th<  ••<.:;tour  no:':  !<•  ar  .5  the  stab  i  .1  l  ty  no/.. ,1c ,  ny  the  arr 
that,  is  '  iu.il  to  the  <li:; tar.ee  from  toe  ‘enter  of  this  bottom  section  to 
the  lor. pi  tndinal  axis  of  the  no//]**  installation. 

Ii.  other  word;),  when  the  no/zl.  installation  heels  from  the  horizontal 
(-y^  ■"*  1_) )  h;  some  oxtore.ely  small  an/le  tne  pattern  of  air 

outflow  from  the  contour  no/. -.]e  onto  tm*  .shield  varies  d issimil urly  for 
n«v/z  l«  s  with  different  f low-tnrourh  wiutno.  Also  -nan/in/  to  differing 
le/roe  are  the  forces  acting  ii  the  a.r  cushion  or.  the  no// le  installa¬ 
tion,  sin "e  different  value;:  of  the  parameter  h/n,  de te rminin/;  the  air 
•ushinn  pressure  and  ultimately  tit.  ■  efficient  -  *  transverse  static 
tability,  correspond  to  the  same  angular  cnun/:es 

corresponding*  to  each  elevation  n/H  is  its  optimal  eon  tour  no/./le 
f  low- tli  roi.,  *h  width  ( h/h)^,^  for  whieti  the  coefficient  of  transverse  static 

stability  reaches  a  minimum.  Wi*n  decrease  in  the  »idth  u/Il,  the  rela¬ 
tively  optimal  •(*  ffi  ‘.i"nt  of  rtati*  stability  irv  reaser  gradually,  that 
in,  the  <•  te  tic  stability  deter]  rates. 


!/'t  is  find 

tl.i  env  i  -  : 

■rv"  '(«• 

/l 

11 

■  *.1l  )• 

I'.xparidinr  ii.) 

.  (  .  hi  ;  ir. 

fiiiwe  r 

pa  i:  •  te :  .  arid 

rie  • 

•1<  t.  ir./  the 

termr  oi  second, 

third,  ar/i 

f 1  >Ui  t 

n  : 

1  .'  1 1  1  fieSS  , 

i  < 

•  t  U!l  V  'i  te 

m  ]  Os)  — 

4 

1 

(  h  V 

•  •  1*  h  UfS'ii)  X 

\  H  ) 

x[l 

V  /< 

)'i 

t  *  h  li  of  »m  T,l 

It  l’ 

*  '7 


Taking  the  dcrivativi  of  thi:t  function  with  tvnpc  t  to  the  variable 
tturaci*’ lo r  b  1  / H  and  hero  u.nuuminf  that  all  the  remaining  quantities  are 

r  ns  taut,  wo  rv  t 


i  sin. f-2  hH  cos.fl)  |l  - ■(  "/  )’J  < 


x  \\  -2  ''jl  (I  * 


*■/» 

k/H 


(I  4 


=  0. 


iron  when oo 
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Th»  optical  flov.-throurh  width  of  the  contour  no/./.le  in  u  nentionalir-ed 
no-/. -io  installation  at  which  tr.<-  -<  <  fficicnt  of  transverse  static  stability 
taken  or,  the  smallest  value  for  tru-  spoi  il  i"  i  o  leva*  ion  h/M  and  an/;le 
^  of  no.-.  | <•  ^neratrix  inclinati.fi  1  r;  n-tcrmined  by  thin  approximate 

ox  j>r>  -nn  i  or  . 


ii'  l»la  -inr  in  ..q.  v  ’O’  )  the  '••■lativ--  flow-through  wi'Uh  t- 1  / B  of  the 

■or  *  i  u  -  n<  .  with  i  tn  «  pt  imai  value  eased  on  ( • "  *  B ) ,  we  /^rt  the 

following  for  the  unknown  envelope : 


who  r«- 


u.o'fi.'V/,  • 
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i  >  /  H,  y 

\  (  I  •  MU  *J  )  ll<*H  /  i  II  /  ’ 


4  I  us-  •,  1  (  _ J_ 

lo  “  Til  s.n  •|)ua|(  ’  2h/H 


Wien  the  ariKie  of  inclination  .1  the  contour  no/.,  le  reruratrix  is 
ivj .  ( .'99 )  becomes 


m)'  --^-’(0.207  : 


<  'jti 


3 

r 


O0j_  jO.’  331  QO*  £16 


■0.0' ■ 

CP? 

0.0) 

CO* 


r  I  '  !  .  Theoreti  a  i  r<  /'ion  of 
tran'-v.  !"!■  rtati  rtniij  i  it.y  .if  a 
(  lari'  ■  !  lonuli.'.ed  n<  .r/.lc  ms  till  •  a 

t.  ior  a  fun  U  r.  f  i  r  •  *•  ri* « 

nozzle  p i r» n t  (,  q  -  '•'>  )’• 

X  —  th.  r, i  ;ni  region  of  ntuu  ■ 
■if"  l  .  )  ty 

--  boundary  to  region  of  poiuut  /■ 
static  stability 


Ki p.  Then  r<- 1  i  .» )  ropionsof 

!  ransvi  r:n'  f.ti  liability  of  u 
plan*  i  ti  nmi.. i  :  nr  z./.le  instal- 
j  a  lion  win”.  <p  •  c'  mu  B  Jb  »  0.6; 

A  —  r>‘,  ior  wit;  m  ifasir./ 

;; 1  mi  1  ;  t^ 

H  —  ririi  r.  :  !••  i.  in /-  inability 


The  envelope  plotted  from  this  equation  for  a  nozzle  installation 
with  a  pa  ramn  lor  an.)  H../H  »  >.t  an  ihowr  in  Fip.  1 70  with  a  dashed 

line.  The  region  bounded  by  the  ■<>  ruinate  axes  and  the  envelope  calculated 
by  r/| .  ('.">'))  is  the  zone  of  tneonti  al.y  possible  stati  stability  of  a 
plan*-  ,’ie  -tumuli  zed  nozzle  mat  a  1  a  1 1  <  • . .  To  each  point  Jyinr  wi  thin  this 
•one  ther*  orresponds  the  vai  ■  ,V  ami  h/B,  win  h  can  ne  attained 

by  seleetinr  a  no  tie  ir  stn»  ..*•  r  -  .  • : .  r.  me  a  '  i«:  f  low  through  width 
b^/h  (if  the  contour  nr  1*  . 

As  tht  parameter  B,,/B  is  reduce-,,  tn,i*  is,  as  the  inability  nozzles 

4 

are  broupht  closer  to  the  lonri tndinal  a  ::i  f  the  nozzle  installation, 
and  with  the  correspond i nr  in.  1  area  of  tne  bottom  sections 

enclosed  between  the  contour  no  .mi  tf  ;e  tu  zzles,  the  static  stabi¬ 
lity  zorv  is  enlarged  (Kip.  when  tm  stability  nozz ies  arc  brourht 

closer,  forminp  a  sinple  general  nozzle  with  wiutr.  <’b  ,  s  <p t,  and  thi 

jets  exiting  from  this  nerpir.p  to  a  sir.rle  ntral  jet ,  the  static 
stability  zone  becomes  prea  ter  t .  The  boundary  of  this  .  <xv  ii  conven¬ 
tionally  indicated  with  a  sashed  urve  1),  inlcuiated  un  the  assumption 
that  B ,/B  *•  I’b  / B  x  os  (p  ■<  0. 


Um  ii.  inspect  t'..  static  stability  ..or.<'  t»!  a  sect  l  ana  1  i  zed  nozzle 
inn  t*»  I  in  1 1  on  from  nnotlnT  point  of  vow.  I,ct  mi  plot  in  the  coord  mutes 
h/H  anil  ni^"  the  envelop*'  on  leu  in  too  by  bq .  (i’,l<0»  and  *»lno  the  curve  of 

minimum  values  of  the  transverse  stuti  stability  coefficient  of  a  nozzle 
installation,  each  point  of  whi  :h  -haracterizes  the  greatest  atatic 
stability  for  the  corresponding  nozzle  flow-through  width  b^/B  (Pig.  1?5). 

'ftiin  curve  plotted  by  bq .  (i'Hn)  will  divide  the  atatic  stability 

/.one.  In  one  section  adjoining  the  :oordinute  axes,  the  static  stability 
of  a  no..  •. i <  installation  with  a  sp<  ifi.  o  /b  increases  with  increase  in 

elevation  h/H  and  be  '  men  the  g re. » test  at  the  points  lying  on  the  curve. 

In  the  other  section  •  n  :luse<i  b«  tw< ■  n  tne  envelope  and  the  curve  of 

minimum  mt  values,  the  static  stability  falls  iff  for  u  given  b,/B. 
x  V 

Sin  >•  an  air  u  hior.  vesicle  must  have  a  apt  li'io  reserve  of  static 

stability,  the  se- lion  of  the  •.•one  bounded  by  the  coordinate  axes  and 

•ho  curve  of  minimum  tn'J4  valtas  in  whi  h,  sc  noted  earlier,  the  static 

stability  increases  with  in  Tease  u  elevation  is  of  interest. 

Actually,  tne  static  stability  one  of  -»  n<  ctionai  lzed  nozzle  instal¬ 
lation  will  he  even  further  rests.  <  t»  u  :u;;par<  l  with  the  theoretical  value 
shown  in  r’ig.  175.  This  rodu  tier  j  n  the  stabiliy  z<  ne  will  depend  on 
the  desi-i.  of  the  nozzle  installation,  tin  .n  thud  <,f  supplying  air  to  it, 

the  deTce  of  uniformity  ol  air  supply  loti,  alun.  the  perimeter  of  the 

contour  nozzle,  an  well  as  the  stability  nozzles,  and  muny  other  aerodynamic 
and  dosi/ci  conditions.  The  dimension;  of  ’he  practical  stability  zone  can 
b<  revised  as  the  result,  of  experimental  studies. 

5-1 .  bxperiroontal  Determination,  it  ’haructer  is  oi  s  f  litatic  Stability 
of  a  ai.'cti  naliz*d  Nozzle  Installation 

To  verify  the  mam  regular;  i  •  •  •*! cent; ing  the  stall  stability  of 

a  sectional  i  zed  nozzle  instatin’..  ,  .  ;  'hemuti  operatirg  uir  cushion 
vehicle  model  was  tested.  Th  -hara  terintioo  were  recorded  on  a  special 
stand  equipped  witt  s  1  >. -  unpon.j  t  u-Tocynami e  balances  and  a  movable 
shield.  These  balances  were  used  t<  measure  tne  forces  and  momento 
induced  by  the  air  cushion.  Variatir'  in  the  hovering  elevation  of  the 
model  above  the  shield  and  its  hr.-Jin  ingle  in  the  required  ranges  was 
provided  with  the  movable  shiej  -r..  xmeiM  the  support  surface  and 
in  B000  x  6000  mm  in  size. 

An  operating  model  (Pigs.  174  and  1 7 ‘  ) ,  -  fOO  mm  in  length,  1b00  mm 
wide,  and  740  mm  high,  consisted  of  a  platform  1,  a  housing  mounted  on  it 
5,  forming  in  conjunction  with  the  platform  a  receiver  P,  axial  fan 
with  a  re  tifying  device  (>,  higi  -frequency  electric  motor  /,  inlet  header 
4,  and  radial-annular  diffusor  H. 
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■  '  t  i*i'  .it  ii  in  the 

,  i  i'll  a  ,'.u  1  in  porimc to i 

:  1  r.t.iii  •(•  bo tween 
tali  wur.  840  mn, 

e  ,  r.:i  t  .  i  In  tion  measured  with 
r.<  .  i  .  .'ho  .  i  •-  •  aeetiono 

■  '  mm,  while  the  bow 


I  h<  ;  wiU  or  ii  wan  a  .  •  •  ■  i  *  .  ■  ■ 
!'  rm  of  i  on  tour  no/.  .•  '  oa: 

and  two  intornaj  no.'/i.j  —  utai.ii* 
the  •  •  >:  i  t  cd/ra  of  trie  external  waiin 
that,  ia,  t>0  percent  of  tn<  -/ i  i 
respect  to  the  externa  <  i  ■>  .  ' 

of  the  cm:  tour  n<  •  i  •  v  • 


o'*  mm.  Thu  fl  ow-throuph 
■i  i  J  m./.lcc  had  an  inclina 


and  ntrrn  r.e  tier 


width  of  the  3tabJ.li 


]•’]  l  Jentrai  Ae ro- Hydrodynamic 
impel  Je  r  /.ad  a  diameter  of 
ph l  prof  ill  .  t  .  :o,.  The  fun 

o  mot  ir.  ,'m  an/aiiur  apeed  of 
tnitu  1ft  ■  »  to  n  =  /'BOO  rpm. 


A  model  UK-eM  axial  fan  from  *  r,< 
Institute]  was  mounted  on  tne  iik,iicj. 

(>1 l)  mm,  with  a  <’? (>  run  hub,  fitted  wit: 
fan  seated  on  the  aha  ft  of  a  )-kw  ele 
the  fan  wun  varied  rn.ootnly  withir  t .* » 
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The  header  provides  sniootn  mi<  •  of  '  h«  air  irt  trie  l'an  anil  *i i niu  1  — 
taneounly  nerved  an  a  d<-vi re  fur  :>  i.mruw  tn.-  volume  flow  of  air  passing 
through  *  he  model.  The  d  if  fun  r  recovered  part  of  tho  kinetic  ener^  of 
tho  air  .itn  um  exiting  from  t. r  <  i  n  ,  i.vrum:  i*  into  (italic  preasure 
arid  fotur.r  an  in  radial  j  i  r»  ■  *.  inns. 

To  fine  trio  natter’.  1  •  *r  bu  *  i  r.  o\oj  tn.  undersurface 

of  tho  platform  ir,  t.r .«  .  u y.i,  ,  t.  i  .  -  n  with  '  mir,  diameter 

receiver  openings,  ura  ,w  >  in  a  u  minnai  an:  two  transverse  sections 

(Kip.  1  /*  ),  were  lo.nicti  if.  •  m  .  .  ".* •  ti  tai  pressure  in  the 

atr-  am  of  air  entering  'hi  r<-  •<  -an  ;et«-ra.ined  with  total  pressure 

tuber,  inn  tailed  m  trie  exit  ■ , :  '■  raa  i.u -aanular  ciffuoor.  Four  tubes 
with  1  r.r,  diameter  hea.sn  -on;.*  t.  •  amir,. ,n  hose  were  installed  for 

the  mea  are  men  to .  In  audition,  u.e  pr,  n  tru  inner  ourfuce  of  the 

receiver  wun  measured. 

The  volume  flow  of  air  war.  neusureu  oare.i  on  the  pressure  in  the 
header  measured  at  four  drama  pi*  operiiruT*  of  its  onneetinp  piece.  The 
discharge  oefficient  of  this  header  wan  de teriuineti  by  calibration  with 
the  fan  operating. 
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Thr  bona iry'  of  the  model  war,  mane  of  duraJumh  ,  and  tne  nozzle 
installation  was  made  of  foam  plastic  f<atod  with  veneer.  The  flow- 
through  aeotion  of  the  nozzles  was  made  of  wood  and  won  polinhed. 


henultn  of  measuring  the  pro. 'mu r 
the  nozzle  inntal la t ion  for  the  vise 
respect  to  the  ouppori  surface  (  y  «,  , 
h/H,  ar<  ahown  in  Kir.  \ where  the 
alonp  the  Y  axla,  that  i.,,  the  ratio 
f«lar  point  in  the  surface  of  tie  tot 
air  at ream  in  the  receiver,  and  along 
distance  x/L  for  the  longitudinal  sec 
for  the  transverse  section  (x  anti  a 
point |  L  and  B  are  the  length  and  wid 
respectively). 


v  distribution  aionr  the  bottom  of 
when  the  nozzle  wan  horizontal  with 
)•  for  different  relative  elevations 
pressure  o  fficientn  p  are  plotted 
of  the  excess  pressure  at  a  parti- 
tom  to  the  totul  pressure  of  the 
trie  X  axis  is  plotted  the  relative 
tion,  and  the  relative  distance  z/B 
r»  the  coordinates  of  the  particular 
th  of  the  nozzle  installation, 


hor  the  elevation  of  the  nozzle  above  the  shield  measured  within 
the  limits  h/B  -  O-O.OK06,  the  pressure  was  distributed  virtually 
uniformly  both  over  the  internal  as  well  as  the  external  sections  of 
he  nozzle  installation  bottom  and  reached  a  maximum  (p  .  0.99),  when  the 
mode!  rented  on  the  shield  (h/H  .  0).  At  relatively  plater  elevations 
the  uniformity  of  pressure  distribution  deteriorates,  and  does  so  espe- 

mlly  noticeably  over  the  external  bottom  sections  adjoining  the  corners 
oi  inr*  monel  • 
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Ki/r.  178.  Pressure  distribution 
along  the  bottom  of  the  nozzle 
imtallntion  u:i  functions  ol'  the 
heeling  angle  for  ^/B  ■  b^/B  = 

0.0;M4;  ii.y B  -  0.8;  45°; 

h/l)  =  0.0P8*-: 
a  —  for  lowered  aide 
B  ~  for  elevated  aide 
KBIYj  1  —  Point  1 
P  —  Point  1 8 
—  Poin*  ‘>i 
/,  —  When  y  m  O 
—  wfher.  y  ■  “2° 

<  —  Point  PH 


The  effect  of  model  heeling  on  the  pressure  dintribut Jon  f»er  the 
bottom  in  the  transverse  section,  with  the  elevation  kept  unhanged  h/B  » 
0.0288,  can  be  seen  in  Fit:,  1 78.  Meuau  remen  to  show  that  increasing  the 
heeling  nngle  from  y  ■  0  to  y*  2°  has  practically  no  effect  on  the  pres- 
sure  in  the  middl«*  of  the  bottom  bounded  by  the  stability  nozzles.  At 
the  earn*'  time,  the  pressure  rises  over  the  external  bottom  sections,  on 
the  lowered  side,  while  it  becomes  less  on  the  elevated  side.  This  causes 
a  restoring  moment  to  appear,  acting  on  the  model  from  the  air  cushion. 

Measurement  of  the  transverse  moment  induced  in  the  air  cushion  when 
ti.o  model  heels  was  made  with  the  elevation  above  the  shield  varied  from 
h  -  10  mm  to  h  ■  220  mm,  that  is,  in  the  range  h/B  -  0.00715  -  0.1 57.  The 
transverse  moment  coefficient  was  calculated  by  the  formulu 
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Hi g.  '71,  Moment  "oefficient  .in 
f life; tior.s  of  Uii-  fueling  angle 
l’(  r  iliflVn  fit  relative  e leva t ion 
of  raft  witt.  :!•*  ftionui  i.  w  v.Jc 
in::  ta.  lat  inn 


where  K  m  th»  transverse  moment  measured  on  aerodynamic  balances;  B  is 

the  width  of  the  model  no/.zle  inr  tul  la  t  i  on  measured  with  reaped  to  the 
>  xit  edges  of  the  contour  nozzle  outer  walls;  H  is  the  area  of  the  nozzle 
in.ital  lation  measured  with  reaped  to  the  exit  odg03  of  the  contour 
no/./. lo  outer  walla;  and.  H  is  the  total  prear.ure  of  the  air  stream  arriving 

ut  the  receiver. 

Ar.  nn  example,  Fir.  *79  presents  the  result:',  of  an  experimental 
determination  of  the  dependence  of  the  heel  in/;  moment  coefficient  m^  on 

the  angle  y  for  four  characteristic  elevations  of  the  mo  :el  above  the 
shield:  h/B  «  0.0107  is  tne  unntai  :•.<  <i«- 1  position;  h/H  -  0,0214  io  the 
model  in  the  neutral  position;  n/B  «.  0. ()'/;/  is  the  highest  static  stability; 
and  h/B  -  0.145  is  weak  stall  stability. 

For  small  and  moderate  elevations  (,n/B  »  0.0b),  the  readings  on  the 
aerodynamic  balances  measuring  the  transverse  moment  for  stable  width 
time.  Tnis  rave  a  well-defineu  refiiiariiy  of  the  variation  in  the  moment 
an  a  function  of  elevation  h/B  and  heel inr  angle  y  .  With  further 

increase  in  the  elevation,  noticeable  fluctuations  were  observed  in  the 
reasured  moment  from  the  mean,  and  the  scatter  of  the  experimental  points 
correspondingly  became  greater.  At  relatively  large  elevations  (h/B  ^0.1), 
these  fluctuations  became  appreciable,  and  the  balance:  gave  readings 
variable  in  sign,  corresponding  to  transitions  from  a  negative  moment  to 
positive  moment  and  back  again,  that  is,  from  the  stable  model  state  to 
the  unstable.  The  hovering  regime  of  the  mouel  at  these  elevations  must 
bo  regarded  ao  in  practice  unstable,  since  in  this  case  an  air  cushion 
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Fir.  THO.  Coeffi  iont  of  transv*  rse 
static  stability  of  model  of  air 
cushion  vehicle  as  fun<  tions  of 
relative  elevation  above  support 
surface  (-y^  -  0;  b](/b  ■  b.,/B  •  0.0?14{ 

(p  1  »  <f.  «•  V  ’  ;  d  ,/iJ  -  0.6)  j 

A  —  region  of  unstable  operation 
B  ~  region  of  ntabje  operation 


vehicle  in  the  free  hovering  repine  would  touch  the  support  surface  with 
its  side.  A  similar  pattern  of  variate  in  the  readings  with  increasing 
elevation  occurred  also  for  alcohol  micromanome ters  used  to  measure  the 
air  cushion  pressure. 

Thene  effects  are  accounted  for  by  the  fuct  that  at  relatively  high 
elevations  of  the  model  above  thi  shield  ’he  air  jets  exiting  from  the 
contour  nozzle  and  the  stability  nr  -./.]<•  cated  on  the  elevated  side, 
without  yet  reaching  the  shield,  merging  »o  a  single,  jet.  The  pressure 
over  the  bottom  section  enclosed  between  these  jets  becomes  nonuniform 
and  pulsating,  while  the  outflow  of  jots  as  a  whole  from  the  nozzle 
installation  is  unstable  with  time. 

Bused  on  experimental  functions  »  f(-y )  for  different  elevations, 
nimiiO;  to  thoue  presented  in  Fig.  ^7{J,  the  coefficients  of  transverse 
static  stability  for  a  model  balanced  in  the  horizontal  position  (ft-  °) 


wore  foutto.  Fi^.  IflO  presents  the  theoretical  and  experimental  curves 
characterizing  the  variation  in  the  coefficient  mTw  of  static  stability 

as  a  function  of  relative  elevation  of  the  model  above  the  support 
surface. 

At  the  moment  of  liftoff  from  the  support  surface  and  at  lower 
elevations  (h/B  «*  0-0.01?),  a  vehicle  with  sectional ized  nozzle  installa¬ 
tion  is  unstable.  With  increase  in  elevation  h/B,  the  decree  of  static 
stability  rises  rapidly,  and  when  h/B  ■  0.0 -  O.Oq  it  reaches  ita 
maximum,  hut  with  further  increase  in  elevation  it  ^udually  decrease8. 

A  similar  pattern  of  variation  in  the  coefficient  of  static  stability 
a3  a  function  of  elevation  was  found  by  Pros t  [0b]  in  testing  u  round 
model  of  air  cushion  vehicle  with  centra]  stability  nozzle  plucement. 

For  this  kino  of  nozzle  installation,  the  coefficient  of  static  stability 
also  rises  with  increase  in  elevation,  and  as  some  value  of  h/D  reaches 
its  maximum,  while  further  increase  in  elevation  h/ D  becomes  less. 

The  theurcti  a  1  dependence  of  tne  coefficient  of  transverse  static 
stability  nf°  on  the  relative  elevation  h/B,  shown  in  Pif.  100,  for  a 

plum  se  t.  tonal  i zed  nozzle  installation  was  calculated  by  liq.  (l?B1  )  us 
applied  to  t ho  ovometrieii]  parameters  of  the  tented  model,  and  specifi- 
•ally  for  the  case  b  1  / 1»  b.,/ H  -•  ().0;T/,,  y?  3  4‘>",  uui  B.,/B  »  0.0.  The 

thenrett  si  function  eonfirns  both  tm  pnncipul  trend  of  the  variation 
in  the  (.efficient  nf*  an  a  function  of  elevation  h/B,  us  well  03  the 

order  of  muenitude  of  m^f* ,  found  as  the  result  of  experiments. 

When  the  theoretical  and  experimental  curves  ur  compared,  it  must 
be  remembered  thai  ilq.  ( .'(3 1 )  was  derived  for  a  plane  sectional  ized 
nozzle  installation,  while  the  monel  has  >*nd  nozzles  in  ita  bow  and 
stern.  In  addition,  in  the  derivation  of  .vj .  (.?Bi  )  the  uniform  distribu¬ 
tion  of  the  total  pressure  in  front  r  *’  ”,e  inlets  of  the  nozzles  was 
assumed,  which  predetermine!  the  ur.iior...  supply  of  air  alonp  the  peri- 
n«  ter  of  the  nozzles,  while  the  mod.  .  oar;  a  central  air  supply  in  the 
receiver  and  owi m*  to  the  differ*  ri *  pr-cssun  losses  in  the  air  ,}etlct3 
nlonr  the  paths  from  the  diffuser  to  individual  actions  of  the  nozzles , 
the  model  hus  nonunif ormi ty  of  ti.tai  piv..  u:v  distribution  ulotif’  the 
peri  met.  r  of  tin*  nozzles  and  :n  spordir.,-  nonuniformity  of  uir 

supply. 

In  the  run/re  of  elevations  h/B  «  0-0.01,  lv|.  (^0*)  yields  vulues  of 
trie  coefficient  mfv  thut  are  close  to  ..(  rn,  that  in,  it  characterizes 

the  vehicle  as  u  neutral  craft,  rlxperier,  shows  a  mor«‘  abrupt  dependence 
of  the  ('efficient  nl’'  on  the  elevation:  in  this  ran^e  of  elevations  the 

craft  is  unntable.  The  theoretical  vujm  of  the  ''ptimal  elevation  for 
which  the  static  stability  becomes  the  ^cutest  u/rreea  quite  well  with 
experiment.  Thus,  for  tins  nozzle  installation  the  theoretical  optimal 

c>(>8 


elevation  (h/B)^-  0.0*62,  while  the  experimentally  obtained  value  of 
(h/B),w  ■»  0.05';  -  0.04.  In  the  work  arrangement  of  elevationa,  (201 ) 
(satisfactorily  ref  lee  tn  the  variation  in  the  function  m  Jf  -  f(h/i>)  and  to 
the  firat  approximation  /jives  valuen  of  that  are  of  practical  utility. 
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a'OHKIN'5  P  Ktm  Air.  L’U.'.-CoH  VKiilClm. 

I:  -i. *:i i /'?. in#*  air  curli  ion  v*t,i  ,  U.<  free  t.uverin,  regime  of  a  rolic 
mfnre  ir;  one  of  tin  pr;r  tpa,  -ter  wn  ro,-ir.u«  f  r  which  aerodynamic 
qnalitien  of  t  hi* '  cruft.  am:  1 1:>  power  'harue  to  r  in*,  i  nr,  nua'  ho  found,  to  tin* 
fir.nt  a;) |  rox iui t r  >r,  for  a  k:k  wr  craft  wi  i.-nt  an:  for  known  irectne  tricu] 
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the  ura('  co,  ffici,.'  i  of  tru  no/...le  inula  1  la  t  ion  with  reaped 

1  •••  flow-throng,  are, in;  j  ;i  toe  u.-ar.  air  velocity  an  it  lenvra 

1' 

inn  tul  la  tier.;  ir  the  air  v  u  flow;  v  i.  me  r.  ...  ie  flow- 
ij  and  ^  in  t.'.i  <h- unity  of  air. 


The  lira/'  of  the  channel  a  of  the  f  low-throc-h  section  of  the  craft 
over  the  extent  from  the  external  uir  inlet  into  toe  cruft  to  the  inlet 
into  the  opening  of  the  no/./.le  inn tulla tion  in 
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where  1°  the  total  ilru#'  coefficient  of  the  chunnelu  with  roapect  to 
the  flow-throu/'h  areau  F  of  the  nozzle  inntallation. 

'rhe  total  preanure  required  to  overcome  the  nr a/j  of  the  nozzle  instal' 
jatiori  H(  and  the  air  ciucta  11^,  that  ia,  the  dra p,  of  the  flow-through 

action  of  the  raft  ua  a  whole  equal  to  the  total  preaaun  built  up  by 
the  fan  in  the  network,  in 
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The  air  volume  flow  pucainr  th~<»u/'h  the  flow-through  section,  equal 
to  the  fan  capacity,  in 
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or  expr<  .red  in  to  rein  of  the  total  prenaure  of  the  uir  flow  in  front  of 
the  nor;’. ;e  inntol lution, 
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The  fan  chul’t  power  iz 
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nr,  an  function  of  the  total  prcsiaujv  in  tne  air  flow  ahead  of  the  nozzle 
inatallat ion, 
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where  ^  i:i  the  fan  efficiency . 

Denoting  ►*  t  itnti  cxpiv.'iflinr  the  density  of  air  in  tneso  condi¬ 
tions  by  tlit>  density  of  air  u t  normal  atmospheric  rondiUuna  (t  ■  1  ‘j° 
and  p  «  7i>0  nm*  H*:*  cm), 

^  ~  i '7  ~  h  1  (300) 


wn* 1  r*  j\  is  the  rrreoticn  coefficient,  wo  ,"«•  t 
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The  fan  abaft  :>  w<  r  xpnr.sed  in  terms  of  tin  craft  we,, -tit  is 
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Trie  lift  roeffi  lontn  <■  and  £  of  trio  nozzle  installation  depend  on 


th-  /vomiM.  ri  oai  paramo  tors  of  too  no.--.-Je  j  ns  ta  l  lat  ion,  elevation  h ,  and 
an/'lo  nf  raft  inclination  relative  to  the  support  surface.  The  cooffi- 
iorit<7  allows  for  the  louses  in  the  dynamic  pressure  of  t hi  stream  as  it 
exits  into  the  atmosphere. 


The  coefficient  £  a* ten*  in-  j  uy  un-  p-eometrioa]  shaj  e  and 

dimension.,  of  the  fl ow-tnroupn  tunnels  and  is  comprised  of  the  coeffi¬ 
cients  of  local  drap  and  trie  ndo  -eo  -oef f i ciej.tn  of  friction  for  the 
in  :i vicinal  members  of  the  f]ow-tnrou.*h  sections  diffusor  behind  trie  fan, 
turns,  projecting  parts,  arm  other  :c  ns  tril  lions  and  dilations  causing 
local  press  ire  losses. 


The  efficiency  of  the  fan  lopenos  on  the  perfection  of  the  fan 
and  its  operating  regime  in  the  flow-through  section  of  trie  -raft. 


tr-..  Power  Patio  of  a  Craft 

hq.  ('H))  can  be  repre-je  itea  us 
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lie*  ™ 

Thin  expression  io  structurally  similar  to  the  familiar  expression 
for  the  power  ratio  of  a  helicopter  und  can  he  culled  the  power  ratio  of 
an  air  ounhion  vehicle. 

Kq .  ( >  1  •J )  allows  for  the  effect  of  /jTcund  proximity  and  reflecta  the 
value  of  K  for  which  the  craft  can  hover  above  the  support  surface.  The 
larger  the  value  of  K,  t h-  more  advantageous  is  the  cruft  in  terms  of 
power j  for  a  specific  craft  weight  lesser  powe r  outlays  are  required, 
while  for  a  apecific  power  of  the*  craft  can  carry  a  greater  payload. 

Thin  formula  alao  reflects  the  effect  on  the  power  ratio  K  of  the 
load-bearing  properties  of  the  noz/le  installation  (o  ),  the  uraq  of  the 

nozzle  installation  (^),  the  relative  area  of  the  flcv-thrc  ipn  openings 

(F/o),  the  draff  of  the  f  low-throiudi  section  channels  (c“  ),  and  the  effi- 

*  K 

ciency  of  the  fan  installed  on  the  craft  (>{). 

Coefficients  c  and  L  depend  on  the  elevation  h  of  the  craft  above 

its  support  surface.  The  power  ratio  K  of  a  craft  with  a  nozzle  inslalla- 
tior  expressed  as  the  explicit  dependence  on  elevation  io  inconvenient 
owinff  to  the  complexity  of  the  expressions  c  -  f(h)  and  -  f(h).  There- 

y 

fore  the  effect  cf  elevation  h  on  K  is  more  conveniently  3hown  ffraphically. 

For  a  craft  with  specified  /geometrical  parameters  and  unchanffed  fan 
speed,  reducinff  elevation  h  increases  the  coefficients  c  and  £  and  reduces 

the  fan  efficiency  jr  .  Therefore  for  each  craft  K  is  varied  within  wide 
limits  and  io  determined  by  how  stronffly  the  coefficients  and  £  depend 
on  elevation  h.  ‘V 

The  coefficient  C  in  r/ninical.y  related  to  the  effect  of  air  cushion 
formation,  when  h  «  o? ,  C  =  1  •  ‘-n  in  r<  aoe  in  the  coefficient  $  with 

decrease  in  elevation  results  from  thi  -ompressive  action  of  the  excess 
pressure  in  the  air  cushion  or.  the  air  jets  escaping  from  the  nozzles. 

This  increase  in  £  3hown  that  the  air  volume  flow  required  to  p reduce 
the  air  cusnion  has  been  redu  ed.  .’he  ;v  fore  the  draff  characterized  by 
the  coefficient  £  must  not  bo  reffurded  as  a  detrimental  draff.  The  draff 
of  the  channels  in  the  flow-throuffh  section  of  the  craft  io  a  detrimental 
aerodynamic  draff.  The  smaller  the  coefficient  £  ,  the  hiffn«  r  the  power 

rutio  of  the  craft. 


An  extremely  important  fuot  r  influencing  the  power  ratio  of  u  craft 
in  the  r«‘lative  flow-through  urea  F/U  of  the  nozzle  installation.  Aloe 
essentially  de t-ermined  by  thin  parameter  in  the  ^uin  in  uain^  air  cushion 
vehicles  compared  with  cruft  nuntained  in  uir  by  the  reaction  forces  of 
air  .jetr.  expelled  from  beneath,  for  example,  from  helicopters.  'Itie  smaller 
the  parameter  F/i>,  the  higher  the  power  ratio  ol'  a  craft.  However,  corres¬ 
pond  i  nr  to  very  small  valuen  of  thin  parameter  will  be  extremely  small 
relative  elevations  of  the  craft  above  the  support  surface.  Thus,  for  a 
planform  round  nozzle  installation,  the  parameter  is 

i  ^  i  !; . 

.x  l> 

where  b  is  the  flow-through  width  of  the  nozzle  and  D  is  the  diameter  of 
the  no~zle  installation. 

Fror.  the  condition  of  minimum  power  outlay,  the  ratio  b/h  <*  (b/D)/(h/U) 
romuir.r.  nearly  unchanged,  therefore  small  valuen  of  h / 1)  will  also  correspond 
t <-  small  values  of  F/M  -  4b/l). 

when  tne  cruft  touches  the  support  surface,  the  outflow  of  air  from 
the  nozzle  installation  is  halted.  At  thin  inntunt  the  drar  coefficient 
if  the  nozzle  installation  C  «<  ( ti.eji  is  chaise  coefficient  or  »  0),  the 

relative  coefficient  of  channel  dra  /;  £  ■  0,  the  lift  coefficient  c  -  1, 

the  fan  efficiency  >[*■(),  and  ho .  ( i U’ )  becomc>s  meuninglesc,  since  its 
riftht  hand  section  becomes  indeterminate, 

lx* t  us  find  the  power  ratio  for  the  cuoe  when  the  weight  of  the  entire 
•raft  is  transmitted  to  the  /round  viu  the  air  cushion,  while  the  outflow 
of  air  Iron  the  nozzle  installation  does  not  take  place.  To  do  this,  let 
us  use  th<  dimensionless  aerodynamic  characteristics  of  the  fan.  The 
power  requires  by  the  fan  in  the  regime  u  «=  0  in 

(313) 

where  N  is  th«*  fan  power  coefficient;  K  is  the  urea  swept  by  the  fan 
wheel;  and  u  is  the  fan  tip  speed. 

The  t<  \ul  pressure  built  up  by  tne  fun  in  the  network  is 

II  it\m\  (3U) 


where  H  is  the  fan  pressure  coefficient. 


The  air  cushion  pressure  equul  to  the  pressure  at  the  inlet  into  the 
nozzle  installation  and  thus  equal  to  the  fan  pressure,  completely  uero- 
dynaraically  relievim  th  craft  and  transmitting  all  its  weight  via  the 
uir  cushion  onto  the  ground,  is 


(315) 


Jointly  solving  Kqs.  ( 5 1  '1 )  unci  ( 1 ) »  we  tfet 


Heplaoinc  the  density  of  uir  Q  with  its  value*  from  formula  309  and 
inserting  the  resulting  expression  for  tin*  fan  tip  speed  into  riq.  (313 )» 
wo  f ina 
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Then  tiie  power  ratio  of  un  air  cushion  vehicle  touching  the  support 
surface  in  the  total  aerodynamic  unloading  regime  is 


rji 

s 


75  n 

'i  |  S  h»,s 


—  =  26.52 

V 


vy 

U>s 


l_  In 

A 


.  (316) 


The  power  ratio  of  the  craft  in  this  case  is  predetermiri' d  by  the 
exceptionally  aerodynamic;  properties  of  the  fan  used  on  the  craft,  that 
is,  by  the  ability  of  the  fan  to  build  up  hitfh  pressure  for  small  power 
outlay  and  small  overall  dimensions.  The  power  ratio  of  the  craft  when 
the  elevation  h  ■>  0  is  one  of  t lie  vital  characteristics,  since  the  numerical 
value  of  is  a  criterion  affording  an  evaluation  of  the  possibility  of 

tne  craft  lifting  off  from  the  support  surface  unci  entering  the*  hovering 
regime.  The  transition  of  the*  raft  Into  the*  hovering  regime  is  possible 
only  when 

;  i.  (3i7) 

where  K  i.i  the  power  ratio  of  ?*..  -raft  in  hov.-rin  *  regime  at  some  eleva¬ 
tion  h  above  the  support  surfs 

When  a  centrifugal  fan  is  install. -c  un  u  craft,  condition  (317)  is 
usually  maintained,  since  the  pressure  !i  built  up  oy  the  fan,  with  decrease 
in  elevation  and  the  corresponding  drop  in  air  volume  flow  l<.  increases, 
and  the  power  coefficient  II  is  reduced  by  several  times. 

A3  applied  to  axial  fans,  satisfying  condition  (3'7)  depends  on  the 
blade  anple  &  on  the  impeller.  For  small  angles  0,  the  fun  tion  H  -  f(^) 
rises  steadily  with  decreuse  irt  Q.  For  larp.*  angles  0,  as  u  is  reduced 
discontinuities  are  observed  in  the  characteristic  II  =  f (£)  alon/;  with 


J7h 


un  abrupt  drop  in  the  pressure  built  up  by  the  fun.  Th<  power  coefficient 
N,  when  '  =  0,  remains  approx ima tel y  the  name  an  in  the  calculated  regimes 
^  of  fan  operation  in  u  network.  because  ol'  this,  un  abrupt  drop  in  the 
power  ratio  of  a  craft  in  pounihio,  lending  to  the  inequality  ( K/ Kj ^  q)^1. 

Canen  are  possible  when  a  craft  installed  with  an  axial  fan  with  large 
blade  uni'irn  on  the  impeller,  on  reach  in/;  the  deai/Ti  fan  annular  velocity 
(corresponding  to  u  r>peejfi<  elevation  above  the  support  surface)  is  not 
able  to  lift  off  from  the  support  surface  ana  enter  the  designed  hovering 
iv/: inn  .  Hut  if  an  additional  lii't  is  applied  to  this  craft  with  fan 
operating  (for  <  xample,  the  craft  is  raised  with  jacks  to  the  designed 
elevation],  am  th'-n  tins  f  rce  is  removed,  the  craft  will  remain  in  the 
hover  in/*  regime  over  the  support  surface. 
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annular  no/./.l 

i  us  la  i  la  t  >  r,  with,  her  i  onla.  n<  .  .<  ut-off  on  e.evatnn  ti/ll^  and  angle 

f  gercr  *  t  ri  <  iri  ’l  mat  t  r,  <p ,  fVr  .t  stunt  fiow-tnr  u,u.  width  h/D^  =  0,0- , 

is  given  .it  Fig.  1  .  The  fur  tt  •  •  ••  ;al  -u  .ut--a  t  r.‘q ,  ( ‘1b)  with 

A  -  •  ,  •’ll*  1.1,  1.1,'  a  ,  j’  d'  •  .  .  ’  p  .  .  die  •  •  .  n.  we  can  See,  H 
ite'Ti'i’i: '  ,r  the  ,  ■  i  vnti  '  tr.i  r  •  installation  of  the  support 

surfa  <  (eais  to  a  rapid  ;  j  r.  *h  p  .it  e.efl'i  ient,  and  as  h  /  — ►  0, 

K  — *.>>.  For  the  e  leva  tier.  1  .  H  ,.  )•  -j.  i.  ,  that  is,  Jose  to  the 
fiow-t.hr  1  no;-.:  !e  viutr  ,  Me  rati  ,  f  s  ir.,  le-puss  rto/./.le  installa¬ 

tion  is  ti  is  of  tirier  /’Tester  loan  sower  ratio  of  an  ideal  lift  air 
pr  pell*  i  located  beyond  the  in*r<  tyr.a  i  influence  *  f  /Tvurv.:  proximity. 
Iricreir.ii  •  the  un/'le  of  no/.le  ,  et..  ;m  tr  i i;  iirstio  c p  narwedly  raises 
tin  t.owi  r  rat  ir*  of  a  rum  1  •  •  installation. 

Tr.e  n -sender,  :es  t  th*  power  rit  i  or  t.M  fl  '.  -throt.-’h  w  id*!,  b/D  of 
*i  no/.v.le  for  conotant  /vr.eratnx  inclination  angle  (  (f>  ---  )  an  shown 

in  Fi,  .  '.t  relatively  largo  envations,  the  power  ratii  of  a 

single-pass  annular  no/...le  is  the  ni/*her,  the  rnaller  the  f i ow- through 
width,  whi  le  for  relatively  la  rge  elevations  —  it  is  trie  oraller,  the 
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Fir.  1U.  .  Power  ratio  as  u 
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pan:;  annular  no.  m  installation 
ar.  fur.'-t  io’„  ituilit.,  ru  rli 


amallcr  th»  no-.v/.le  flow-lhr.niitn  width.  Far.  1M}  nhown  the  power  rutin  of 
a  two-pann  annular  no.’  -,le  matal  lat  ion  with  pn  rani.  ■  tern  =  h0/D  f<  “ 

0.01  um:  -  <?,«  "  I  )1’  an  funt.  a. a  of  mobility  no.  ..lo  placement.  The 

pattern  (1  variation  in  the  power-  rat  w'  an  a  fun -lion  of  tin  parameter 
)(l  ,  «-■  ;  i:;  atr  nply  af fee. tea  by  t».>  -i.-vation  of  the  no:v/le  inntullution 

above  tt,.  support  aurface.  An  tin  diameter  <f  th«  mobility  noi'.vle  in 
reduced  fir  non*'  hi<;h  elevation  h/!)fJ,  tin  power  ratio  dropa  off,  while 
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hydraulic  power  for  the  entire  craft 
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The  coefficients  a,  £  ,  c  ,  and  fan  efficient  ^  are  dimensionless 

y  ■ 

quant  i  t  e  a  ;m  i  ultimately  depend  only  on  the  configuration  and  geometrical 
pa ru me t»-ra  of  the  flow-through  aection  of  the  craft  und  the  lun  inatallcd 
on  it,  nlun  the  position  of  the  raft  relative  to  the  oupport  surface  and 
the  terrain  of  the  oupport  surface  ituelf.  Therefore  the  riftht  sidou  of 
mj:i,  (ylh)  -  (}1’4)  are  alao  dimension!  •  as  parameters  cnarae tenzin/'  the 
aerodynairu  properties  ol‘  an  uir  cushion  vehicle  in  a  general  iced  form. 


The  d ii .••ruiionlenn  coefficients  expressed  hy  r.qs.  ~  (}<M)  can 

nerve  as  fvn«  rsl i/.inr  parameters  interpreting  the  results  of  testing  operutinp 
air  cushion  vehicles,  as  well  as  testing  their  indiviuuai  coir.ponento . 


•>M,  r!f fee t.  of  Ground  Proximity  on  the  Craft  Lift 

Lift  of  a  craft  touching:  tne  /'round  surface  with  the  exit  ed^eo  of  th< 
no/,  le  in.  tallation.  Correspond inr  to  tnio  ease  i  tfu  :raft  elevation 
h  *  0,  or  which  amounts  to  th<  cam.  tninr,  th  *  ratio  b/h  -o3*  Mere  the 
air  cushion  pressure  •««  f f i « •  i . ■  r. *  <r. 
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th  t  is,  excess  pressure  (p4  -  p^  )  in  the  air  ushion  is  equ.il  to 

the  total  pressure  (p  -  p,  )  in  the  receiver. 
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Using  L'Hopital's  rule  for  expanding  the  indeterminacy  O/O,  we  get 
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Thus,  the  lift  coefficient  in 


i>  2/-  cos  <( ,  (325) 

where  ?  -  b/7/b  is  the  total  relative  area  of  nozzle  flow-through  openings} 
and  n  in  the  total  length  of  the  nozzle  slit. 

The  right  aide  of  the  Jq.  expresses  the  projection  of  the  reac¬ 

tion  force  of  un  air  jet  leaving  the  nozzle  installation  along  the  vertical. 
The  maximum  vulue  of  coefficient  o  ^  occurs  when  <p  -  0.  This  corresponds 

to  the  case  when  the  air  jet  in  directed  vertically  downward  by  the  nozzle 
ins tallation. 

The  effect  of  ground  proximity  on  the  lift.  The  effect  of  ground 
proximity  on  the  lift  of  an  air  ouohion  vehicle  is  conveniently  evaluated 
by  the  ratio  of  the  lift  coefficient  of  a  cruft  neax  the  oupport  surface 
to  the  maxiinum  value  of  thi3  coefficient  for  the  same  craft,  but  now  elevated 
to  a  height  where  the  aerodynamic  effect  of  the  surface  on  the  craft  ceases 
to  be  exerted.  With  this  in  mind  and  usinr  kqs.  (M6)  and  (V)).  let  un 
write 
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Tne  diachurge  coefficient  of  the  nozzle  installation  of  u  craft  beyond 
the  effc -t  ef  ground  proximity,  C^“  1,  ainco  the  air  cuahion  in  thin  cure 

i«  absent.  and  the  air  velocity  determined  by  the  preaoure  H  in  uniformly 

diatributou  in  the  nozzle  exit.  Therefore  the  pressure  coefficient  1b 

(I  1  si n  »>  f»»  *  . 


r 

b/li  kin  is 

\j  )  ]  sin  (v  $1 

-  T  • 

i  - 1 1 

//  //  0Ui\f  J 

b/ll 

Mn  ^ - -V) 

[  (1  .  sin  q>)  cos  sp  | 
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und  for  a  nozzle  installation  with  normal  nozzle  cut-off  »  0),  we  have 


N II  -m  fon»i  — 


hill 

bib 
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(328) 


For  u  ruft  with  nozzle  installation  provided  with  horizontal  nozzle 
cu  t-off  (<p  m  y),  iiq.  (  228)  becomea 


A  n. 


-  a  - 


i  n  ,  , 

>nMI 


(329) 


The  variation  in  coefficients  r  and  N..  .  as  functi  na  of  elevation 

y  H- const 

h/B  of  a  cruft  above  the  support  surface,  with  constant  pressure  (H  ■  p  “  pH* 

-  con3«.)  in  the  craft  receiver  in  front  of  the  nozzle  installation,  in 
shewn  in  Pig.  184.  These  function!  are  calculated  by  Kqa.  (5?7)  and  (529) 
for  a  nozzle  ..natallation  with  generatrix  angle  of  inclination  0, 
nozzle  cut-off  angle  11/  ■  0,  and  vurioua  relutive  nozzle  flow-through  arers 
F  -  2b/B.  T 
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Fig.  'B/..  offer-:,  i  f  uju:  j>r(  xir.i  ty  on 
lift,  ana  expo  ndeii  :  wt  :  <  !'  air  cusnion 
vc  h i  1  ♦  •  for  constant  or  ssure  in  air 
stream  flow  in;:  into  the  no;:  .vie  instaJ  lation 

In  Fi  .  1 0/J  we  not-  that  an  the  relative  nozzle  flow-through  width  b/B 
is  reduces,  the?  relative  lift  coefficient  c  increases,  and  does  so  the 

y 

faster,  tfie  smaller  the  relative  cievati  n  h/ B  of  the  cruft  above  the 
support  surface,  riven  for  a  no. flow-through  width  b  »  0.0‘;B  and 
elevation  i>  *  0.0}B,  the  lift  is  approximately  five  times  greater  than 
lift  for  tin  same  craft  locates  far  from  the  support  surface.  For  smaller 
flow-throurh  width,  th*  lift,  in  -.-eases  i  several  tens  of  times.  With 
decrease  in  elevation,  this  in  r<  a..-  i:  x  cotnpaniea  by  an  appreciable 
reduction  ir,  the  power  require  i  t.i  ..ustais.  tne  craft  in  the  air. 

However,  relatively  iar(*e  flow-tr."  ,u  n  nozzle  width  (b/B  0 . 2t> )  *  the 
lift  does  not  increase  with  <ie  '.reuse  in  elevation,  an  occurs  for  small 
values  of  b/B,  but  decreases.  In  the  spi  oiul  case  when  b/B  ■  0.%  when 
both  jets  merge  into  a  single  eont mucu:  ,i--t,  the  lift  at  the  instant  when 
the  craft  touches  the  ground  surface  becomes  half  the  lift  of  the  same 
craft  elevuted  to  a  considerable  height  above  the  support  surface  (when_ 
h/B  <*  0,  the  coefficient  o(i  ■  l / ( 4 b/B) ;  when  h/B  -  *>0*  the  coefficient  c  »  1). 

v  y 

'ihe  effect  of  ground  proximity  manifested  in  increase  in  the  lift  for 
appreciable  reduction  in  the  required  power  for  a  nozzle  with  small  flow- 
through  width,  even  dictates  the  suitability  of  employing  air  cushion 
vehicles  for  the  most  diverse  applications. 


1 


Le*  u  compare  the  power  required  to  sustain  a  craft  near  the  ground 
surface  with  the  power  expended  in  our, taining  u  craft  having  the  same 
weight  and  overall  dinenniono  at  a  considerable  elevution  beyond  the 
acrodynami  influence  of  the  ground. 


From  the  condition  of  constancy  < >  1'  weight  (»  =  Y  »  V-  ,  let  us  write 
*-  r  *  From  this  we  have  the  rutio  of  the  required  total  pres¬ 

sures  H/H  ,  »  c  /c  *  1/c  .  Th.  ratio  of  the  required  uir  volume  flow 
in 


c  Sl< 
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ii 


a  F  |  - 

*  I  1 


Ir,  this  case,  the  power  cool' f i  •  ion ».  i;i 

Oil  -i 


N  « 
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0.11 
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where  of  and  e  are  coefficients  determined  by  mqs.  (yj 9)  and  (}27). 

y 


The  variation  in  relative  power,  total  pressure,  and  volume  flow  bb 
functions  of  relative  elevation  n/ ii  of  u  craft  with  a  nozzle  installation 
provided  with  normal  nozzle  cut-off  (V  =  0),  when  the  angle  of  generatrix 
inclination  <p  -  0  and  for  different  relative  flow-through  nozzle  widths 
b/B,  is  shown  in  Pig.  181),  from  which  we  can  see  that  for  unchanged  craft 
weight  (constant  lift),  the  required  power  drops  off  sharply  with  decrease 
in  elevation  of  the  craft  for  all  values  of  the  possible  flow-through 
width.  Here  the  reouired  air  volum,  flow  al30  becomes  smaller. 


The  pattern  of  variation  ir  to  ;q, tired  total  pressure  und  the  receiver 
in  fr-nt  of  the  nozzle  installation  in  this  case  depends  on  the  nozzle 
flow-through  width:  for  small  width  b/B  characteristic  of  air  cushion 
vehicles,  the  required  pressure  H/H^also  decreases  with  reduction  in 
elevation  h/B,  but  for  relatively  lar/7'  nozzle  flow-through  width 
(b/B^  0.2‘-),  the  required  pressure  rises. 


Let  us  evaluate  the  effect  of  <  round  proximity  on  the  lift  of  an  air 
cushion  vehicle  at  constant  power  expended  in  producing  the  jets  forming 
the  air  cushion.  Under  this  condition  (N  ■  N^),  we  can  write 


QH  «  Q^fL. 


(330) 
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Fig.  1f3(. .  Kffi-'-t  of  ground  proximity 
or.  lift  of  an  air  cushion  vehicle, 
total  prensu-e  aheud  of  th<  nozzle 
installation,  and  air  volume  flow  at 
constant  expended  power 


Fig.  irt1'.  Kffect  of  /rround 
proximity  on  required  relative 
power,  total  pressure,  and  air 
volume  flow  to  sustain  an  air 
cushion  vcnicle  of  specified 
weirht  in  the  hovering  regime 


Since  the  required  air  volume  fie-.:;  a r< 


while  the  total  pressures  in  the  air  volume  fiov  in  front  of  the  nozzle 
installation  is 


equality  (530)  can  be  expanded  in  the  form 

f  ~2//~r 

= a-;  [/  —  Hm 


or 


/o  v  y  ^  ,  /  2  '  -  '  -*> 

T-ij-  vr  =  cl‘f  V  T  O'  V?’ 

Hence,  bearing  in  mind  that  -  1,  we  get 


Y  - 


Cy 

V  a*  y  a* 


(331) 


Uainf  these 
the  relative  uir 

functions,  it  is  not  difficult  to  derive 
volume  flow 

expressions  for 

Q  Vrs 

-jjr~  ~  V  « 

(332) 

and  the  relutivc 

total  pressure 

II  i 

x  “ «*'  ’ 

(333) 

where 

b/ll  \ 

The  functions  >L  »  /,  {bih,  b!B),-§~  =  ft  (bill,  bIB),  -  f3(Vh. 

b/B),  calculated  by  Eqs.  (331 )»  (332),  and  (333)»  for  a  craft  with  nozzle 
installation  having  generatrix  angle  of  inclination  <p-  0  ana  nozzle  cut-off 
angle  -v|f  ■  0,  are  shown  in  Fig.  106.  The  curves  (Y/Y^)  ■  f(h/B,  b/B) 

show  by  how  many  times  the  lift  of  a  craft  can  increase  for  the  same  power 
expenditure  if  the  craft  is  in  the  zone  of  influence  of  ground  proximity. 
Here,  with  decrease  in  the  elevation  h/B,  the  air  volume  flow  drops  off 
rapidly,  while  the  pressure  correspondingly  rises. 
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In  all  the  cases  considered  of  the  effect  that  ground  proximity  has  on 
lift  and  power,  the  craft  nozzle  had  an  angle  of  generatrix  inclination 
(p  •  0.  When  $>>0,  which  in  usually  observed  in  practice,  the  load-bearing 
qualities  of  the  nozzle  installation  are  improved  and  the  positive  effect 
of  the  influence  of  ground  proximity  becomes  augmented. 

The  advantages  of  flight  air  cushion  vehicles  compared  with  other  means 
of  transportation  whose  lift  is  produced  by  using  the  reaction  of  air  masses 

expelled  from  the  craft  downward,  for  example,  by  the  lift  propeller  of  a 

helicopter,  arc  essentially  then  predetermined  by  the  functions 

— / ,  (/i/fl,  blB)  f  ttn(j  -  ft(hlB,  bIB )  .  By  using  the  effect 

of  ground  proximity,  it  appears  possible  for  the  same  power  expenditure  to 
produce  a  greater  additional  lift,  making  air  cushion  vehicles  practical. 


CHaPTKK  i-.It'.UT 

AKltODYNAMlC  AND  POWmH  CHAl<ACTivKIi>TICS  OF 
AIK  CUSHION  VKIilCLi^S  IN  THL  HOVKRINC  HKCIMK 


Lot  uh  examine  in  general  form  the  effect  that  the  geometrical  parameters 
of  a  now.' Ip  installation  have  on  the  aerodynamic  and  power  characteristics  of 
air  cushion  vehicles.  To  simplify  the  calculations,  in  our  analysis  the  craft 
is  assumed  to  be  planfortn  round  and  tr  have  a  single-pass  nozzle  installation. 
Here,  the  restrictions  imposed  on  the  characteristics  of  the  craft  by  the 
requirements  of  static  stability  will  not.  be  taken  into  account. 

In  the  calculations  let  us  use  trie  following  theoretical  prerequisites 
>nd  functions.  The  lift  cf  a  r.ozzlt  installation  determined  by  ilq.  (}00) 
is  equal  to  the  weighi  of  the  air  cushion  vehicle.  In  hlq.  ( 1  ^0)  for  the 

lift  .'oeffjcient,  the  relative  nozzle  cut-off  area  p  £*  . 

‘  S 

1  - (l_  ,  - V  ,  while  the  relative  area  of  the 

/>„ cos <p  \  /->„ c<*<*  r 

bottom  of  the  no. zle  installation  letermined  with  respect  to  the  internal 
edge  of  the  nozzle  is  -\l~  -  1  —  / 


In  the  special  case  when  <f  »  ,  the  lift  coefficient  e  ,  -  F  ♦  S^p. 

The  air  cushion  pressure  coefficient  and  the  discharge  coefficient  of  the 
nozzle  installation  wil  l  be  found,  respectively,  by  Kqs.  (74)  and  (7*?)* 

'ftie  air  volume  flow  in  the  nozzle  installation  will  be  calculated  by 
nq.  (30t>)  where  the  nozzle  flow-through  area 

F  “  F<  cos  V  (  1  ~  dTcW) 


and  thus  its  relative  area  is 


F  —  --  4  (  |  —  — _ ) 

S  D„  V  UH  cos  «?■  )■ 


(334) 


The  intensity  of  the  air  flow  str- aning  into  the  nozzle  installation  iu 


Vy  m  -  4  ■  rV  4  VIVt- 


5(1 .  rlffect  of  Klevation  <>n  Cham  :  tori;; '  i  of  a  Craft  for  tipeoif  ied  Craft 

height  and  »>ometri  al  Parameters  of  the  Mizzle  Installation 

I>’t  o-  examine  the  'hum  tor  is  t  i  os  of  a  craft  weighing  G  -  10,000  kg 
with  a  no../ lr  installation  having  the  diameter  D|,  =  Id  m,  nozzle  flow-through 
width  b  ■  0.1  m,  and  angle  of  generatrix  inclination^?-  4b°.  Assigning  to 
the  elevation  of  thi  craft  above  the  ground  surface  various  values,  let  us 
determine  by  Lqa.  (74),  (7‘;),  and  ( 1  ‘>0 )  the  pressure  coefficient  p,  discharge 

coefficient  C X,  and  lift  .oefficient  c  .  Then  by  the  formulas  H  -  ’/c  , 

>■  |  ■  —  ^  i  ^  ^  y 

^  •of/'ye  ,  ana  N  «  «/*yr',  let  ur.  fina  the  generalized  dimensionless 

y  ^  y 

parameters  .horacte rising,  respectively,  pressure  H  ,  air  volume  flow  u, 
and  power  N  to  sustain  the  air  cushion  vehicle  with  the  assumed  geometrical 
parameters  and  weight  ut  u  specified  elevation. 

Th<  fun  tions  H  *  fi.h/D^),  s,  -  f^(h/ll  ),  and  N  -  f^(h/Dy)  determined 

in  thi.  manner  are  shown  in  r’i g.  107,  which  also  gives  the  scales  of  Hc,  W, 

and  FI  as  applied  to  this  craft.  The  dimensional  quantities  of  pressure, 
volume  flow,  and  power  were  calculated  based  on  the  following  formulas, 
respectively: 

H,  ii  \  f  y  V  t 

Y-l-Vffi- 

where  ^  is  the  density  of  air;  and  V  is  the  nozzle  flow-thx  ugh  area: 


h  -aDHb  (l  -  0(<COTS  )• 


I 
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Fig.  187.  Aerodynamic  characteristics 
as  functions  of  elevation  of  craft 
for  specified  weight  and  geometries] 
parameters  of  nozzle  installation 
(G  m  10,000  kg;  D*  ■  10  m;  b  »•  0.1  m; 
0-  45*) 

KEY i  A  —  Nc,  hp 

B  —  o5/sec 
C  —  kg/m2 


The  power  N  to  produce  jets  forming  the  air  cushion  increases  roughly 
c 

directly  proportional  to  the  increase  in  craft  elevation  h  for  specified 
overall  craft  parameters  and  weight.  Here  it  is  required  that  with  increase 
in  elevation  h  both  the  air  volume  flow  4  and  the  total  pressure  to  sus¬ 
tain  the  required  discharge  velocity  of  the  annular  jet  from  the  nozzle 
increase . 


40.  Effect  of  Nozzle  Flow-Through  Width  on  the  Characteristics  of  a  Craft 
for  Specified  Overall  Dimensions  and  Weight 

Let  us  examine  the  aerodynamic  characteristics  of  an  air  cushion  vehicle 
weighing  G  -  10,000  kg,  with  nozzle  installation  diameter  Dm  -  10  m,  and 

angle  of  nozzle  generatrix  inclination  <p~  45°.  Specifying  to  the  nozzle 
relative  flow-through  width  various  values  of  b/DM  for  discrete  values  of 

h/D||  of  the  relative  elevation  of  the  nozzle  installation  above  the  support 
surface,  and  for  constant  value  of  the  nozzle  generatrix  angle  of  inclina¬ 
tion  l,  let  us  determine  by  Eqs.  (74),  (75)»  and  (150)  the  pressure  coeffi¬ 
cient  p,  discharge  coefficient  or,  and  lift  coefficient  c  .  Then  by  the 
following  formulas  ^ 

291 


3 


and 


Q  =  «/;  [/  ,7  l  //« 


75 


lot  us  find  tho  required  preanure,  volume  flow,  and  power  required  to 
.sustain  the  air  cushion  vehicle  at  a  specified  elevation,  for  the  assumed 
geometrical  craft  parameters  and  weight  (G/S  ■  1 27 •  >  kg/m^). 


The  results  of  determining  the  coefficients  p,  OC, 


and  o  and  the 

y 


required  H  ,  l<,  and  N  for  a  single-pass  annular  nozzle  for  the  values 

h/l)H  ■  0.01,  0.02,  0.0^,  0.04,  and  0.0‘>  ure  presented  in  Figs.  100  and  109* 
from  which  we  can  see  that  a  reduction  in  the  nozzle  f low-through  width  b 
increases  the  pressure  H  in  front  of  the  nozzle  installation  and  reduces 


the  air  volume  flow  i*.  Here  there  are  optimal  widths  b  for  which  the  power 
N  beconec  minimum.  To  each  elevation  there  corresponds  its  optimal  nozzle 

flow-through  width  b.  As  the  elevation  h  is  reduced,  the  optimal  values 
bojun  shifted  toward  the  side  of  small  b  values.  If  wc  plot  on  Fig.  109 


lines  of  equal  values  of  parameter  b/h,  then  wo  can  see  that  corresponding 
to  the  minimuc  power  values  is  an  approximately  constant  parameter  b/h. 

For  a  cruft  with  the  particular  geometrical  parameters  and  weight  we  are 
considering,  the  value  b  /h  C*:  0 .56  (cf.  dashed  line). 


41.  Kffect  of  Angle  of  Nozzle  d«n  r;itrix  Inclination  on  Craft  Characteristics 
Let  us  consider  two  tvpi  .<  1  .-uses: 

let  us  determine  the  effect  of  the  angle  of  generatrix  inclination  y>of 
a  single-pass  annular  nozzle  on  the  lift  Y,  air  volume  flow  and  power 
for  different  elevations  h,  specified  dimensions  of  the  nozzle  installa¬ 
tion  (l)M  ■  const  and  b  -  const),  and  constant  total  pressure  (H  ■  const) 
of  the  air  stream  fed  to  the  nozzle  installation; 

and  let  us  find  the  effect  that  the  angle  of  inclination  of  nozzle 
generatrix  has  on  the*  volume  flow  i*,  pressure  H  ,  and  power  N  for 

C  G 

specified  nozzle  installation  dimensions  (D^  -  const  and  b  *  const),  its 
elevation  (h  •  const),  and  constant  weight  (C  »  Y  ■  const). 

29? 


Fig.  168.  Pressure  coefficient,  discharge 
•^efficient,  and  lift  coefficient  as  functions 
flow-through  width  of  a  single-pass  annular 
no7.zle  for  cifferent  hovering  heights  (<®-  4t>°; 
p  —  indicated  with  solid  lines,  and  c  'indicated 

y 

with  dashed  lines) 


1.  I^t  un  determine  the  effect  of  the  angle  of  no.zle  generatrix 
inclination  (p  on  lift  Y,  volume  flow  H,  and  po‘  or  N(>  by  Eqs.  (500 ) ,  (306), 

and  (53S),  respectively,  by  first  calculating  in  advance  the  aerodynamic 
coefficients  p,  (K  ,  and  c  appearing  in  them  for  eonutunt  values  of  D^,  b, 

y 

and  H  ,  and  for  different  values  of  <p  nnd  h.  The  resulting  coefficients 
p,cX,  und  c  ns  functions  of  the  angle  (p  are  given  in  Fig.  190.  Fig.  191 

y 

presents  the  functions  Y  =  f  ,  h/Dw),  -  =  f,,(f>»  h/D#)*  and  ■  f^(  0>,  h/D^ ) 

for  a  nozzle  installation  having  a  diameter  ■  10  m  and  nozzle  flow-through 

width  h  o  0.1  m,  for  constant  pressure  ahead  of  the  nozzle  installation, 

Hc  -  190  kg/ . 

As  we  can  3ee,  there  are  optima]  angles  of  nozzle  generatrix  inclina¬ 
tion  for  which  the  lift  tukes  on  the  greatest  values.  The  optimal 

value  of  the  angle  depends  on  the  elevation  h  of  the  nozzle  above  the 

support  surface.  With  incrcuse  ir.  elevati  n  h,  the  angle  rises.  For 

this  particular  nozzle  installation,  the  angle  ■  ‘0-63°  in  the  range 

of  relative  elevations  h/Dw  -  0.01-0.09. 
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Fig.  189,  Aerodynamic  onaracteri3ti 03 
as  functions  of  flow-through  width  of 
3inglo-pass  annular  nozzle  (G  •  10,000  kg; 
D„  -  10  n;  <p-  49°;  0/S  -  127. .5  k^/m2) 

KKY:  *  —  k^/m2 

B  —  iV/BPC 
"  ~  hp 


2.  1/j  t  un  determine  the  of  fret  that  the  nozzle  generatrix  angle  of 
inclination  <p  hun  on  the  aerodynamic  characteristics  and  of  a 

nozzle  installation  for  constant  .raft  wvignt  G  ona  for  discrete  values  of 
elevation  h,  by  using  c>}3.  (>00),  (Wh),  and  (399),  respectively ,  and  the 
earlier-calculated  valuer  of  n,  «,  and  .  (cf.  Fig.  190)  for  a  craft  »^ighing 

,y  | 

G  *■  10,000  kg  with  a  nozzle  installation  having  the  diameter  D«  •  10  tu  and 


•  in' 


i  4  «  ♦  *  ♦  •  ♦  •  1 


r  '  t  i  ’  1  1  i  '  I 

*  •  i  *  t  t  ‘  m 


**  ift- 


t-4  •  1  *:#/r 


3-*— t  t~i  i  **■<" 

-f -*-♦-{  t  -4  *  I  -r-r*  * 


-1  !  ^  •  1 
4  . 


4a— tTrr 


,0  N  38  *0  U  d  f>  <t' 


Fig.  190-  Pressure  coefficient, 
discharge  coefficient,  lift 
coefficient,  and  nozzle  cut-off 
area  an  functions  of  angle  of 
generatrix  inclination  of  a 
single-pass  annular  nozzle  for 
different  elevations,  of  nozzle 
above  support  surface 


With  increase  in  angle  <p  for  conntunt  nozzle  flow-through  width  b,  the 
air  volunie  flow  decreases  throughout  this  entire  range  of  angles  <p ,  while 
the  pressure  and  power  initially  also  decrease  with  rise  in  the  angle  <p, 
but  then,  on  reaching  minimum  values,,  begin  to  climb.  Corresponding  to 
different  elevations  h  of  the  craft  above  the  support  surface  are  various 
values  of  <p%%u  . 


When  the  elevation  of  the  nozzle  installation  with  t»ie  specified 
dimensions  is  varied  within  toe  limits  h/DH  ■  0.01^1.05  for  the  pressure  Hc, 

the  optimal  angles  of  inclination  -  ‘?8-62i'f  while  the  angle  4^  ■  68* 

for  the  pewer.  With  decrease  in  the  elevatii  n  h/  j^  ,  the  range  of  extremal 


values  of  N  and  H  becomes  less  well-defined. 

c  c 


Fig.  19*.  Kffect  of  angle  of  generatrix  inclination  of 
r ingle-pass  annular  nozzle  for  different  nozzle  elevations, 
on  the  following  quantities: 
a  —  lift  and  air  volume  flow  (Dm  =  10  ra;  b  =  0.1  m; 

H  *  1  i;>0  k g/m^) 

b  —  required  total  pressure  (D„  -  *0  c;  b  =  0.1; 

0  -  10,000  kg) 

KzY :  A  kg 

B  —  nK/'soc 


C  —  hp 


i)  —  kg/m* 


42.  Kffeet  of  Overall  Craft  Dimensions  on  Its  Characteristics  for  Specified 
□  ovation  and  for  Different  Law3  of  Variation  of  Craft  Weight 


Let  ur.  examine  the  effect  that  overall  craft  dimensions  has  its 
characteristics  as  the  diameter  of  the  nozzle  installation  is  varied  from 
Dm  ■  5  °  to  Dh  -  20  m.  We  will  assume  the  flow-through  width  of  the  nozzle 


installation  and  the  craft  elevation  to  be  constants.  Let  us  take  b  -  0.16  m, 
h  -  0.4  m,  and  the  angle  of  '-eneratrix  inclination  <P*  45°*  The  relative 
flow—  thr  ugh  width  of  the  nozzle  in  this  ca3e  lies  within  the  limits 
b/D#  «  0.032-0. 008.  The  coefficients  p  and  (X  defined  by  the  parameter 
b/h  and  the  angle  of  generatrix  inclination  are  constant  for  our  calcula¬ 
tions,  and  by  iiqs.  (74)  and  (7p),  p  =  0.749  and  ok  -  0.?26. 


Let  us  examine  craft  c*  ..racteristics  for  the  following  laws  of  varia¬ 
tion  in  craft  weight  as  a  function  of  its  overall  dimensions: 


the  craft  weight  is  constant  (G  =  10,000  kg)  and  is  independent  of 
overall  dimensions; 
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Fir,.  19?.  Required  air  volume  flow 
an  a  function  of  angle  of  generatrix 
inclinutior  of  3ingle-pass  annular 
nozzle  for  -onntant  craft  weight  and 
different  elevations  (G  -  10,000  kg; 

1)  n  «  10  m;  b  ■  0.1  sa  ) 

KEY:  n  —  n/'/sec 


0  70  70  50  40  50  60  10  <f*  >■ 

Eig.  193.  Required  power  as  function 
of  angle  of  generatrix  inclination  of 
single-pass  annular  nozzle  for 
constant  craft  weight  and  for  differ¬ 
ent  elevations  (G  •  10,000  kg;  Dw  ■ 

10  d;  b  *  0.1  m) 

KEY:  A  —  hp 


the  era!'*  weight  varies  linearly  with  variation  in  diameter  V  and 
let  us  take  <;  a  10,000  kg  when  «=  10  d.  Therefore 


G  =  kxUH  —  Dh  —  =-■  I00DD,; 


the  craft  weight  varies  linearly  with  variation  in  nozzle  installation 
area,  where  G  =  10,000  kg  when  S  =  (Alh  )/A  =  (3.  M*  '< 02 )/4  =  76.3 
inerefore 

G  *l>i  10  000  3.1  Wl  _ 

0  =  — 4-  -  -37,-4-10.-  — 1 - UUL>"  • 


the  craft  weight  varies  according  to  a  culic  function  of  tne  craft 
linear  dimension,  where  G  -  10,000  kg  when  dH  ■  '0  m.  Therefore 

10  000/i’  _ 


i  10  li  0.M 


Kin-  194-  Aerodynamic  characteristics 
as  a  function  of  overall  craft  weight 
for  specified  elevation  and  for  different 
loss  of  weight  variation  (b  *  0.16  ra; 

<9  ®  49®;  h  *  0.4  m) 

KKY i  A  —  hp 

B  —  kfc/m 

C  —  taJ/sec 

Assigning  different  values  of  D*  •  9-20  m  to  the  craft  diameter  and 

assuming  the  law  of  variation  in  craft  weight  as  a  function  of  its  diameter, 
let  us  determine  by  Eqs.  (190),  (500),  (506),  and  (559)  the  following  craft 
characteristics i  lift  coefficient  c  ,  pressure  H  ,  air  volume  flew  <*,  and 

y  c 

power  Nc« 

Hie  calculation  results  are  given  in  Kig.  194  in  the  form  of  craft 
characteristics  as  a  fun  tion  of  its  diameter  for  different  laws  of  weight 
variation.  As  we  can  see,  the  lift  coefficient  c  for  constant  parameter 

y 

b/h  0.4  decreases  somewhat  with  increase  in  the  craft  diameter.  This  is 
because  with  an  increase  in  the  overall  dimensions  of  the  nozzle  installa¬ 
tion,  the  proportion  of  the  lift  produced  by  the  reaction  of  the  annular 
jet  in  tiie  overall  lift,  comprised  of  the  reactions  of  annular  jets  and 
the  pressure  forces  at  the  craft  bottom,  becomes  smaller. 

Increasing  the  craft  diameter  under  any  of  the  indicated  laws  of 
weight  variation  increases  the  air  volume  flow  required  to  produce  the  air 
cushion.  The  greatest  rise  in  air  volume  flow  occurs  when  the  craft  weight 
is  varied  according  to  the  cubic  dependence  on  its  linear  dimension. 
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The  pressure  required  to  produce  the  jets  forming  the  air  cushion 
decreases  as  the  cruft  diameter  in  in«resned,  under  the  laws  of  weight 
variation  (1  -  const  and  G  »  k.D^.  w*1,'n  the  craft  weight  risen  proportional 

2 

to  the  nozcle  installation  area,  thut  is,  when  G  -  k  DWf  there  is  a  very 

alight  increase  in  pressure  as  the  diameter  is  made  greater.  With  variation 
in  the  craft  weight  under  the  law  G  ■  k^Ir^  ,  the  pressure  rises  roughly 

directly  proportional  to  the  craft  diameter. 

The  power  required  to  produce  the  air  cushion  depends  essentially  on 
the  law  of  craft  weight  variation  us  its  overall  dimensions  are  varied. 

When  the  weight  is  not  dependent  on  the  craft  overall  dimensions  (G  -  const), 
the  power  decreases  rapidly  a3  the  craft  linear  dimension  is  increased.  Hie 
power  decreases  when  craft  diameter  is  increased,  also  if  its  weight  varies 
proportional  to  the  diameter.  When  the  craft  weight  varies  directly  in 
proportion  to  its  area  (G  -  k„l£  ),  the  power  increases  roughly  linearly 

with  increase  in  diameter.  The  required  power  rises  sharply  as  a  function 
of  craft  diameter  when  its  wei/dit  variation  is  proportional  to  the  cube  of 
the  craft  linear  dimension  (G  =  k.D^  ). 

J  " 


45.  affect  of  Hatio  of  Nozzle  Flow-Through  width  and  elevation  on  Craft 
Power  for  Specified  Overall  Dimensions  and  Weight 


Let  us  find  the  effect  thut  the  parameter  b/h  ha3  on  the  power  Nc  when 

the  craft  is  lifted  to  come  elevation  h  for  specified  UM,  angle  of  generatrix 

inclination  (pm  const,  and  weight  G  »  const.  To  do  this,  let  us  use  the 
fun  tion 


•V 

G 


VlW- 


(336) 


relating  the  geometries  1  pursuit*  rs  of  tru*  nozzle  installation  to  craft 
wei#it  and  to  the  intensity  of  tm*  air  stream  fed  to  the  nozzle  installation. 
Here  <*■  f(b/h),  c  ■  f(b/h),  and  F  =  f(b/D^,).  Let  nr  present  the  calcula- 

y 

tion  results  in  the  form  of  the  function  N  /G  ■  f(b/h)  for  constant  loading 

(i/S  on  the  craft  bottom  and  for  different  relative  nozzle  flow-through  width 
b/DH. 


Assigning  different  values  to  the  parameter  b/h  vhenjp  *  const,  let  us 
determine  by  Eqs.  (74)  and  (75)  the  pressure  coefficient  p  and  the  discharge 
coefficients .  Then  specifying  values  for  the  parameter  b/i)^,  let  us 

calculate  by  Kq.  (334)  the  relative  nozzle  flow-thrt ugh  area  F,  and  by 
Eq.  (150)  —  the  lift  coefficient  c  .  Assuming  that  the  loading  at  the 

craft  bottom  G/S  •  200  kg/rr/*  is  constant,  let  us  find  H^/G  by  Fq.  (336). 
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Fig.  1^';.  Pressure  coefficient  and 
discharge  coefficient  of  single-pass 
annular  nozzle  as  functions  of  parameter 
b/h  (angle  of  generatrix  inclination 
4  -  4V) 


0  m  H2  Hi  0*  Hi  H6  47  44  HfW 

Fig.  196.  Hequired  power  as  a  function 
of  parameter  b/h  for  various  nozzle  flow 
through  width  and  craft  elevations  ( G/S  < 
200  kg/m?;  <p  -  45*) 

KLTj  A  —  hp/kg 


The  pressure  coefficient  p,  discharge  coefficient®,  and  lift  coeffi¬ 
cient  c  ua  functions  of  the  parameter  b/h  for  a  3in£ie-pas3  annular  nozzle 
with  an^le  of  generatrix  inclination  4b°  are  presented  in  Pig.  19b. 

Pig.  1%  shows  the  functions  N  J&  *  f(b/h)  for  different  values  of  the 

nozzle  flow-through  relative  width  b/'JM  anti  ulso  presents  the  curves  when 
h/0M  =.  const,  characterizing  the  relative  elevation  of  the  nozzle  installa¬ 
tion  above  the  support  surface.  On  inspecting  these  functions,  we  can  make 
the  following  conclusions: 

as  the  parameter  b/h  is  reduced,  achieved  by  increasing  the  hovering 
elevation  h/Ug  for  constunt  nozzle  flow-through  width  b/D„,  the  required 

power  rises  rapidly; 

for  each  specified  .  levation  h/D„  of  the  craft  above  the  support 
surface  there  is  an  optimal  nozzle  flow-through  width  b/DH  for  which  the 
power  outlay  per  unit  craft  weight  i3  at  a  minimum; 

for  a  shallow  elevation  h/D„  of  the  r-raft  above  the  support  surface, 

it  is  advantageous  —  from  the  standpoint  of  reducing  power  outlays  —  to 
use  a  nozzle  installation  with  small  flow-through  width;  and 

the  optimal  values  of  the  parameter  b/h  at  which  the  power  outlays  are 
at  a  minimum  are  b/h  »  0.c!b”O.bt  which  corresponds  to  a  jet  length  equal 
to  two-four  times  its  width  (h/b  *  2-4)  —  for  actually  observed  elevations 
h/D.  and  nozzle  f low-through  width  b/4,. 

When  designing  air  cushion  vehicles,  plotting  this  kind  of  function 
makes  it  possible  in  graphical  form  to  estimate,  for  specified  overall 
craft  dimensions  und  weight,  the  advantageous  nozzle  flow-through  width 
required  to  ensure  the  necessary  .raft  elevation,  with  the  aim  of  minimum 
power  outlays. 

44.  tiffect  of  Craft  Weight  on  Its  Elevation  for  Specified  Available  Power 

Let  us  assume  that  the  power  11  fed  to  the  air  stream  arriving  at 

the  nozzle  installation  is  constant,  and  let  us  determine  the  dependence 
of  the  variation  in  elevation  h  ana  in  tne  aerodynamic  characteristics  of 
the  craft  H  and  on  its  weight  G  for  specified  geometrical  parameters 

of  the  nozzle  installation.  We  will  assume  that  the  nozzle  installation 
has  4,  «  10  m,  b  ■  0.16  m,  and  <P  ■  4b*.  We  will  carry  out  the  calculations 

for  power  values  -  200,  >00,  4C0,  and  ‘>00  hp.  We  will  find  the  function 

h  ■  f ( G )  by  carrying  out  the  following  calculations  based  on  the  formula 


$01 


V4  Aw 


volume  flow,  and  pressure  as  functions 
of  craft  weight  for  specified  geometrical 
parameters  of  no  -.zle  installation  and 
available  power  (D*  ■  10  m;  b  -  0.16  a; 

-  45#): 

1  —  for  N .  -  200  hp 

2  —  for  N  -  300  hp 

3  —  for  N  -  400  hp 

c 

4  —  for  Nc  -  $00  hp 

KEY:  A  —  kg/m^ 

B  —  m3/sec 
C  ~  kg 


g  =  c<s  \; 


(337) 


Betting  various  values  for  the  elevation  h  of  the  craft,  let  us  determiiie 
the  corresponding  values  of  b/h  and  then  by  Eqs.  (74 ) •  (75)»  and  050),  let 
us  find  the  coefficients  p,0. ,  and  c  .  From  known  geometrical  parameters 

y 

of  the  nozzle  installation,  let  us  determine  the  nozzle  flow-through  area 
F  and  the  area  S  of  the  nozzle  installation.  Eq.  (337)»  let  us  find 

the  v.lues  of  G  corresponding  to  the  adopted  values  of  h  and  N  .  We  ealeu- 

c 

late  the  pressure  by  the  formula  H.  -  (1/c  )  •  (G/S)  for  the  resulting  values 

c  y 

of  weight  G,  and  then  we  determine  the  volume  flow  by  Eq.  (306). 
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The  results  of  the  calculations  for  the  particular  nozzle  installation 
i»re  shown  graphically  in  Pig.  197 •  where  we  can  see  that  increasing  the 
weight  of  a  craft  with  specified  geometrical  parameters  for  the  same  power 
outlay  sharply  lowers  the  possible  elevation  of  the  craft  above  the  support 
surface.  When  this  is  done,  the  air  volume  flow  required  to  sustain  the 
craft  in  the  hovering  regime  falls  off  rapidly,  while  the  pressure  correspond 
ingly  rises. 


45*  Effect  of  Loading  at  Craft  Bottom  for  Different  Helative  elevations 
on  Weight  p*’r  Unit  Power 

Let  u:;  find  the  function  G/N^.  ■  f(G/S)  for  a  craft  with  specified 

geometrical  parameters  of  the  nozzle  installation,  for  different  relative 
elevations  h/D^  of  the  craft  above  the  support  surface.  Here  is  the 

power  expended  in  forming  the  jet  producing  trie  air  cushion,  and  G  is  the 
weight  of  the  craft,  equal  to  the  lift  Y  produced  by  the  air  cushion. 

Let  us  consider,  as  above,  a  craft  provided  with  a  ainr.le-pass  annular 
nozzle.  We  will  assume  the  external  nozzle  diameter  »  *0  m  and  the 
angle  of  generatrix  inclination  <p  =  4‘;°.  We  will  make  the  calculations 
for  a  no.  -je  with  a  flow-through  width  b  =  0.1  ra.  Corresponding  to  these 
geometrical  nozzle  parameters  is  the  relative  flow-through  width  b/D^  ■  0.01 

we  will  determine  the  function  G/H_  =  f(G/G)  by  the  formula 


ny  specifyin,  different  values  for  G/e.  Here  coefficients  oc  and  c  and 

y 

t:.e  geometrical  pararr.eier  r'/.i  depend  only  on  the  relative  nozzle  flow¬ 
through  width  b/Dw,  relative  *,  vation  h/j^  of  th>.  craft,  and  angle  of 

nozzle  generatrix  inclination  <P  .  By  specifying  different  values  for  the 
parameter  h/Dw  and  assuming  tb<  values  of  b/Dw  and  (D  ,  let  us  determine 

tne  coof  ficients  &  and  c  by  I-lqs.  (7s)  and  ('‘>0). 

y 

The  variation  in  the  power  loaning  G/N  as  a  function  of  area  loading 

G/L  for  different  relative  elevations  h/DM  of  the  craft  is  in  Fig.  198, 
from  which  we  can  see  that  ar.  increase  in  the  loading  on  the  craft  bottom 
markedly  reduces  the  power  loading.  With  decrease  in  the  elevation,  the 
parameter  g/*.^  rises  sharply,  which  makes  the  application  of  air  cushion 

vehicles  advantageous. 


Kin*  198*  Craft  weight  per  unit 
power  as  a  function  of  weight 
load  on  no/.,  le  installation  for 
different  elevations  (D  ■  10  tn ; 
b  ■  0.1  r. ;  pm  49°) 


46.  Effect  of  Ambient.  Air  Tempo ratur>'  on  Craft  Characteristics  for  Specified 
Geometrical  Parameters  ana  Weight 

The  characteristics  of  an  air  cushion  vehicle  depend  on  the  temperature 
of  the  ambient  [external]  air  sucked  into  the  craft.  As  the  air  temperature 
is  changed,  the  density  of  air  jets  outflowinr  from  the  nozzle  installation 
changes.  This  is  reflected  in  the  air  cushion  pressure  and  thus  in  the  lift 
of  the  craft.  To  sustain  a  craft  with  unchanged  geometrical  parameters 
(D^  •  const,  b  ■  const,  ana  <p  «  const)  and  con.  lant  weight  (G  ■  const) 
at  a  specified  elevation  h  above  the  ground  surface,  the  pressure  Hc  for 

forming  the  air  cushion,  as  follows  from  rVj.  (300),  most  be  constant,  deter¬ 
mined  by  the  assumed  geometrical  parameters  of  the  craft  and  its  weight. 


The  air  volume  flow  and  power  determined  by  Lqs.  (306)  and  (335)  can 
be  expressed  as  the  following  ratios,  as  a  function  of  ambient  air  tempera¬ 
ture  : 


Qt 

Qj 


A, 


—  H 

l*n 

I ’I 


3ince  for  constant  atmospheric  pressure  the  air  density  varies  inversely 
proportional  to  its  absolute  temperature  (the  subscript  "0"  denotes  the 
parameter  for  a  known  temperature,  and  the  subscript  "i"  denotes  the  para¬ 
meter  for  an  unknown  temperature).  Thus,  when  the  ambient  air  temperature 
is  raised  from  -20  to  30°  C  and  for  constant  atmospheric  pressure,  the  air 
volume  flow  and  the  required  power  to  sustain  the  air  cushion  vehicle  at  a 
specified  elevation  must  bo  increased  by  the  following  number  of  timess 
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that  is,  the  air  volume  flow  and  power  must  be  raiseu  by  9*5  percent. 


Let  us  deteiwine  the  effect  that  the  ambient  oir  temperature  has  on 
the  elevation  of  t’e  craft  above  the  ground  surface  for  specified  geometrical 
parameters  of  weight  and  constant  air  volume  flow  fed  beneath  the  craft. 

Let  uc  examine  the  craft  characteristics  with  weight  C  ■  10,000  leg  for 
Dh  «  '0  ra,  bo  0.1  m,  and  <p~  45*.  buppnne  the  fan  feeds  air  into  the 


flow-through  section  of  the  craft  independently  of  its  elevation,  in  the 

quantity  ■  iy)  or/sec.  It  is  not  possible  to  represent  the  dependence 

of  elevation  h  on  these  parameters  in  explicit  form.  Let  us  solve  this 

problem  graphically.  The  craft  weight  D  ■  c  SH  ,  while  the  ratio  of  the 

y  c 

uir  densities  as  a  function  of  absolute  air  temperatures  for  constant 


pressure 


equation 


l*r 


T„ 

T, 


where  f>H  is  the  air  density  for  normal  atmospheric 
conditions  (for  example,  when  T  *  288°  K  and  p„  ■ 

760  mm  ilg  cm,  pw  =  0.12^  kg.sec^/m4).  The  volume  flow 


can  be  represented  as 


Qi 


YIVWJi 


(338) 


The  left  side  of  this  equation  is  a  function  of  the  relative  elevation 
h/l)H  of  the  craft,  while  the  right  side  depends  only  on  the  ratio  of  abso¬ 
lute  air  temperatures  T /TN  .  both  sides  of  Eq.  (iJ8)  represent  the  gene- 

w 

ralized  dimensionless  air  volume  flow  v..  3y  calculating  the  areas  F  ,  P, 

c 

S. ,  and  S,  and  specifying  various  values  for  the  parameters  h/DM  and  T  /T  , 
let  us  determine  the  coefficients  ,  p,  and  c  and  let  U3  find  the  func- 


Fig.  199.  Graphical  determination  Pig.  200.  Elevation  of  craft  above 
of  effect  of  air  temperature  on  support  surface  and  required  pressure 

elevation  of  craft  above  support  and  power  as  functions  of  air  temper- 

surface  ature  for  constant  air  volume  flow 

(G  -  10,000  kg;  DH  •  10  □:  b  .  0.1  m; 

•  45° 5  W  »  1  30  m3/sec) 

KEY:  A  — 

B  —  hp 


u _ —  and  M  J _ Si. _ 

a3F: 2  |»»  ‘  75  75  ' 


The  discharge  coefficient  Of  was  determined  by  Eq.  (73)  for  values  of 
the  elevation  h/D^  assumed  from  Pig.  200  for  the  corresponding  air  tempera¬ 
ture  t.  Jiere  the  air  density  is 


Let  u  plot  these  functions  in  the  coordinates  w  and  h /Dh.  The  points 

at  which  the  curves  characterizing  these  functions  intersect  will  be  the 
solutions  to  Eq.  (338).  Taking  the  values  of  h/DM  for  different  air  temper¬ 
atures  from  this  graph,  we  get  data  characterizing  the  elevation  of  a  craft 
above  the  ground  surface  for  specified  geometrical  parameters,  weight,  and 
air  volume  flow  as  functions  of  the  temperature  of  air  streaming  through 
the  nozzle  installation. 


The  graphical  determination  of  the  air  temperature  dependence  of  the 

craft  elevation  above  the  support  surfaces  3hown  in  Fig.  199*  Fit*  200 

shows  the  desired  function  h  *  f(t)  and  also  the  function  of  pressure 

H  -  f(t)  and  power  N  -  f(t)  that  must  be  imparted  to  the  air  stream  in 
c  c 

front  of  the  nozzle  installation  to  ensure  the  supply  of  air  in  the  quantity 
14  »  150  mVsec.  In  this  case  the  pressure  and  power  were  calculated  by  the 
formulas 
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~  ^  273  -I- 1  ’ 


An  wn  can  aec,  the  air  temperature  very  markedly  affects  both  the 
elevation  of  the  craft  above  the  support  surface,  as  well  as  the  required 
pressure  and  power  to  produce  the  air  cushion.  Thus,  in  feeding  the  same 
volume  of  air  and  in  increasing  its  temperature  from  -20  to  30*  C,  the 
elevation  h  of  the  craft  with  the  specified  parameters  is  reduced  by 
approximately  17  percent.  When  this  is  done,  the  pressure  and  power  are 
reduced  by/^  50  percent. 


47.  Effect  of  Planfortn  Shape  of  Nozzle  Installation  on  Craft  Lift 

Jr.  designing  air  cushion  vehicles,  the  problems  of  selecting  the 
layout  and  geometrical  parameters  of  the  nozzle  installation  are  primary, 
since  this  installation  is  the  principal  working  component  producing  the 
air  cushion  and  since  its  characteristics  determine  the  aerodynamic  and 
power  characteristics  of  the  craft  as  a  whole.  In  addition  to  the  geometrical 
parameters  of  the  nozzle  installation,  and  specifically  the  profile  of  the 
flow-through  section,  nozzle  flow-through  width,  angle  of  nozzle  generatrix 
inclination,  and  the  method  of  sectionalizing  the  bottom,  the  load-bearing 
qualities  of  the  craft  are  affected  by  the  planform  shape  of  the  nozzle 
installation.  As  the  shape  of  the  nozzle  installation  is  varied,  the 
length  of  the  nozzle  bounded  by  the  perimeter  of  the  craft  bottom  changes, 
and  depending  on  circular  conditions  imposed  on  the  law  of  variation  of  the 
nozzle  exit  areas,  so  do  the  aerodynamic  and  energy  characteristics  of  the 
nozzle  installations. 

Knowing  the  regularities  in  the  variation  of  load-bearing  qualities 
of  nozzle  installations  as  a  function  of  changes  in  their  planform  shape 
allows  us  to  impart  an  advantageous  contour  to  the  nozzle  installation  of 
a  craft  being  designed  and  to  improve  the  craft  efficiency.  It  is  of 
practical  interest  to  evaluate  various  nozzle  installation  arrangements 
from  this  point  of  view.  Below  are  examined  the  load-bearing  qualities  of 
planform  round,  square,  rectangular,  and  oval  nozzle  installations,  and 
they  are  evaluated  from  the  standpoint  of  achieving  the  required  lift  for 
a  specified  hovering  elevation  above  the  support  surface  with  minimum 
power  outlay  fed  to  the  air  stream  producing  the  air  cushion. 

The  evaluation  of  various  nozzle  installation  layouts  is  based  on 
theoretical  functions  determining  the  lift  of  these  installations  as 
dependent  on  their  geometrical  parameters.  For  simplicity  of  analysis, 
in  the  examination  we  assumal  single-pass  nozzle  installations  with  angle 
of  nozzle  gene-atrix  inclination  <p  m  0.  In  analyzing  the  characteristics, 
the  problems  of  the  effect  that  the  shape  of  nozzle  installations  has  on 
craft  stability  were  omitted. 
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Kip.  201.  Nozzle  installation  arrangements 

These  r.  zzle  installation  layouts  are  shown  in  Pip..  201.  The  oval 
nozzle  installation  consists  of  a  middle  section  with  parallel  external 
walls,  anc  also  bow  and  3 tern  sections  rounded  to  a  radius  that  is  equal 
to  half  of  the  nozzle  installation  width.  The  relative  length  of  the 
nozzle  installations  was  varied  within  the  range  L/B  ■  1-4*  Por  the  case 
L/3  =  1,  th<  oval  nozzle  intergrades  into  a  round,  and  the  rectangular  — 
intc  h  square  contour. 

Characteristics  of  nozzle  installations.  In  examining  the  aerodynamic 
and  power  characteristics  of  nozzle  installations,  the  following  functions 
were  used.  The  lift  of  a  nozzle  installation  equal  to  the  wei.jht  G  of  the 
air  cushion  vehicle  was  determined  by  Eq.  (300).  The  air  volume  flow  in 
the  nozzle  installation  wa3  found  by  Uq.  (}06).  The  discharge  coefficient 
of  the  nozzle  installation  is 


a  = 


b.'B 


(339) 


The  nir  cushion  pressure  coefficient,  which  is  the  ratio  of  the  excess 
pressure  pg  -  p„  in  the  air  cushion  to  the  total  pressure  of  the  air 

ctrea:?,  fed  tc  the  nozzle  installation  is 


p=l-e 


'JV  =  1  -e 


i  n 

\,b 


(340) 


The  lift  coefficient  for  u  single-pas3  plane  nozzle  with  angle  of 
generatrix  inclination  0  is 

,  (l-F  I  -/b-h  ) P.  (341) 


E 


where  P  ■  F/i>  is  the  relative  nozzle  exit  area. 

In  these  and  nubsequent  formulas  we  used;  b  —  nozzle  exit  width; 
h  —  elevation  of  craft  above  the  support  surface;  D  —  width  of  nozzle 
installation  meunured  with  respect  to  the  obiter  edge  of  the  nozzle;  J.  — 
length  of  nozzle  installation  measured  with  respect  to  the  outer  edge  of 
th»  nozzlt ;  F  —  nozzle  exit  area;  3  —  area  of  nozzle  installation  bounded 
by  external  edge  of  nozzle;  and  p  —  air  density. 


The  Uscliarge  coef ficient  OC  of  tne  nozzle  installation  ar.d  the  air 
cushion  pressure  p  are  shown  in  Pig.  202  as  functions  of  parameter  b/h. 
Pig.  2 05  presents  the  dependence  of  the  lift  coefficients  c  an  a  function 

y 

of  parameter  b/h,  plotted  by  elq.  (341 )»  for  different  relative  nozzle  exit 
areas  P,  unri  Fig.  204  presents  the  function  c.  ■  f(b/DM;  h/D^)  for  an 

annular  nozzle  with  diameter  measured  with  respect  to  the  outer  edge  of 


the  exit.  In  this  cane  the  coefficient  c  was  determined  by  r>|.  (341),  and 

y 

the  relative'  nozzle  exit  area  was  determined  by  the  formula 

r  .  6  /  i  _  b  \ 

~  D,  \  ) •  The  intensity  of  the  air  stream  fed  to  the  nozzle 

installation  was  calculated  by  Eq.  (33^)» 


The  dependence  of  the  wei/du  (lift)  per  unit  power  on  the  weight 
loading  per  unit  nozzle  installation  ureu  is 


G 

N 


(342) 


The  relative  exit  area,  expressed  in  terms  of  nozzle  perimeter  and 

exit  width,  in  I  -  s"  ,  where  fl„  and  are  the 

perimeters  of  the  nozzle  installation  determined  with  respect  to  the  external 
and  internal  nozzle  edges,  respectively.  With  reference  to  this  expression, 
the  nozzle  exit  area  for  a  planform  oval  nozzle  installation  with  recti¬ 
linear  middle  and  with  bow  and  stern  sections  rounded  to  a  radius  equal 
to  half  the  nozzle  installation  width,  we  have 


'(-r-'M1 

-!) 

L/B  t  n/<  — 

I 

(343) 
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Fig.  202.  Discharge  coefficient 
^  and  air  cushion  pressure  coeffi 
tient  p  aB  functions  of  Paraoe^ 
b/h  for  angle  of  nozzle  generatri 

'  i  j _ _  a  4  ifl  ■  il 


205.  Lift  coefficient  of 
*le  installation  as  functions 
parameter  b/h,  when  the  angle 
nozzle  generatrix  inclination 
.  o,  and  ror  different  relative 
.  l  nrpflS 


.  204.  Lift  coefficient  of 

iiform  round  nozzle  installation 
functions  of  relative  elevation 
.  ^  .  0  and  for  different  relative 
nozzle  exit  widths 


nr,  as  a 


function  of  parameters  b,  J,  and  L/B, 


.  »(±-‘H-fr/T  +  T-') 


(3441 


In  the  npceial  case  for  planform  round  and  square  nozzle  installations, 
F  ■  4(b/B)  (1  ~  b/B),  where  B  is  the  side  of  the  square  nozzle  installation 
and  th-  diacneter  of  the  round  nozzle  Installation.  The  area  of  the  oval 
nozzle  installation  measured  witn  respect  to  t.he  exit  edge  of  the  external 
nozzle  wall  is 

=  j  (347) 


and  the  area  of  the  rectangular  nozzle  installation  3  ■  LB. 

np 

Eo.  (54 i)  for  the  lift  coefficient  c  can  be  extended  —  with  adequate 

practical  accuracy  ~  to  nozzle  installations  of  various  planform  shapes 
—  round,  oval,  rectangular,  and  so  on,  given  the  condition  that  the  para¬ 
meter  P  appearing  in  this  formula  is  replaced  with  the  appropriate  value 
of  the  relative  area  of  the  particular  installation. 

Effect  of  shape  of  nozzle  installation  on  li't  for  identical  nozzle 
installation  area,  measured  with  respect  to  the  exit  edge  of  '.he  external 
nozzle  wall.  For  all  the  craft  under  consideration,  we  will  assume  — 
independently  of  their  relative  elongution*L/B  —  the  overall  area  of  the 
nozzle  installations  to  be  S  ■=  100  o  ,  and  the  elevation  of  tt*'  craft 
above  the  •'round  surface  h  «  0.5  m.  We  will  compare  the  nozzle  installa¬ 
tions  in  terms  of  the  lift  (weight)  of  the  craft,  per  unit  rcuuired  power 
for  two  characteristic  cases :  for  identical  width  b/h,  and  for  identical 
relative  area  P  of  nozzle  exit.  [«also  referred  to  as  "aspect  ratio"  ] 


The  case  of  identical  exit  width  of  particular  nozzle  ins tallations. 
Let  us  assume  the  nozzle  exit  width  b  -0.12  m.  To  this  then  corresponds 
a  constant  vuluc  of  the  parameter  b/h  -  0.12/0.5  ■  0.4.  Knowing  b/h  and 
finding  —  hy  Eqs.  (544)  and  (546)  for  each  nozzle  installation  differing 
by  the  relative  elongation  L/B  ■—  its  value  of  P,  let  us  determine  by 
Eq3.  (559),  (540),  and  ( 54 1 )  the  values  of  the  coefficient  0(  .  p,  and  c  . 

__  y 

Air the r,  assigning  different  values  to  G/3,  by  Eq.  (54?)  let  as  calculate 
the  value  of  G/Nc.  For  these  same  values  of  the  parameter  C/E,  let  us 


find  the  or*  soure 


Fig.  203.  Weight  per  unit  power, 
and  required  pressure  as  functions 
of  weight  load  at  craft  bottom  and 
relative  elongstipn  of  nozzle  instal¬ 
lation  (li  *  100  m1 ;  b  -  0.12  m; 

h  -  0.2): 

1  —  for  round  nozzle  when  L/B  ■  1 

2  —  for  square  nozzle  when  L/B  ■  1 

3  —  for  oval  nozzle  when  L/B  ■  4 

4  —  for  rectangular  nozzle  when 

L/B  -  4  2 

KEY:  A  —  kg/m 


Fig.  206.  Required  volume  flow  of 
air  fed  to  nozzle  installation  as 
functions  of  weight  load  at  craft 
bottom  (S  -  100  m?;  b  *  0.12  a; 
h  -  0.3  n): 

1  —  for  round  nozzle  when  i/B  ■ 

2  —  for  square  nozzle  when  1/B  • 

3  —  for  oval  nozzle  wl.cn  h/i  -  4 

4  —  for  rectangular  nozzle  when 


U B  -  4, 

KEY:  A  —  cr/sec 


1 

1 


which  must  (>•  sustained  in  the  air  stream  in  front  of  the  no  .  J  •  installa¬ 
tion,  and  i.l;  'n  —  by  ilqs .  (30(>)  and  (33cz)  ““  air  volume  flow  \v  and  power  N,, 

respectively. 

For  *r.  s“  nc  z installations  with  identical  urea  loadin  and  craft 
levation,  the  paran.  ter  G/ II  has  it3  maximum  value  for  a  planform  round 

no/.zl r>  (curve  Fir.  20t>).  As  the  length  of  the  oval  nozzle  installation 

is  increased  for  the  same  overall  area,  the  value  of  the  parameter  G/N 

'  c 

becomes  less  (curve  3)-  a  similar  effect  also  occurs  for  planform  3quare 
and  planform  rectangular  nozzles  (curves  2  and  4,  respectively).  Here  H 

varies  only  slightly  with  change  in  the  relative  length#L/B  of  both  oval 
and  rectangular  nozzle  installations.  A  marked  rise  in  the  air  volume  flow 
<  and  an  increase  _r.  the  power  h’c  are  observed  (Figs.  206  and  207). 

[*  also  referred  to  as  "aspect  ratio"  ] 
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Fig.  207 .  Kequired  power  as  functions 
of  weight  load  at  craft  bottom  (S  ■ 

100  m2;  b  *  0.12  n;  h  *  0.3  m): 

1  —  for  round  nozzle  when  L/B  ■  1 

2  —  for  square  nozzle  when  L/B  -  1 

3  for  oval  nozzle  when  L/B  ■  4 

4  for  reetangular  nozzle  when 
L/B  «  4 


Fig.  206.  Power  required  to  raise 
craft  to  specified  elevation  as 
functions  of  relative  elongation 
of  nozzle  installation  for  different 
weight  loads  (S  -  100  m2;  h  -  0.3  m; 
b  ■  0.12  m) t 

a  and  b  —  for  oval  and  rectangular 
nozzle  installations, 
respectively 
KEY:  A  —  hp/kg 
B  —  kg/nr 


Let  us  examine  two  cases  of  variation  in  the  nozzle  installation 
characteristics  for  the  above-indicated  geometrical  parameters  of  the 
installations;  for  identical  craft  weight  (G/S  ■  const),  let  ur  find  the 
variation  in  the  power  (N J G  »  var)  as  a  function  of  the  nozzle  installation 


contour;  for  identical  power  outlay  N  ,  let  us  find  the  dependence  of  the 

c 

variation  in  the  lift  coefficient  c  (weight)  on  the  contour  fshape]  of  the 

y 

nozzle  installation. 


The  dependences  of  power,  per  unit  weight,  on  the  relative  elongation 
of  oval  and  rectangular  nozzle  installations  for  different  bottom  loading 
are  shown  in  Fig.  206,  which  also  gives  the  dependence  of  the  relative 
area  P  of  nozzle  installations  on  their  elongation  L/B.  To  determine  the 
relative  power,  we  used  Eq.  (342),  and  to  determine  the  relative  area  — 
'tins.  (344)  and  (346).  As  we  can  see,  for  identical  craft  weight,  identical 
elevation  above  the  support  surface,  and  identical  nozzle  flow-through 
width,  there  is  a  gain  in  power  with  increase  in  the  relative  elongation 
of  the  noz.  le  installation. 
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Fig.  209.  Lift  of  air 
cushion  vehicle  for 
identical  power  outlay 
as  functions  of  planform 
shape  of  nozzle  installa¬ 
tion  (S  ■  100  h  ■  0.3  m; 
b  -  0.12  m;  N  -  900  hp)j 
1  and  2  —  fo£  oval  and 
rectangular  nozzle  instal¬ 
lations,  respectively 


The  rise  in  power  with  increase  in  relative  length  h/B  is  leas  intense 
compared  with  the  rise  in  the  nozzle  exit  area  P,  or,  which  amounts  to  the 
same  thing,  with  increase  in  the  nozzle  exit  perimeter,  3ince  b  and  S  are 
identical  for  all  nozzle  installations.  Thus,  for  oval  nozzles  when  l/B 
is  increased  from  1  to  4,  the  relative  area  F  rises  by  a  factor  1.33»  while 
the  power  per  unit  weight  increases  by  only  a  factor  1.28.  Here  the 
increase  in  1%  J G  is  nearly  independent  of  the  loading  of  the  bottom  of 

the  nozzle  installation.  This  is  accounted  for  by  the  fact  that  the  lift 
coefficient  depends  nonlinearly  on  relative  area  F.  Similar  regularities 

y 

also  hold  for  rectangular  nozzle  installation. 

Let  us  examine  the  case  of  identical  power  outlay.  Suppose  N  -  900  hp 

2  c 
We  will  assume  J  -  100  tn  ,  b  ■  0.12  m,  and  h  ■  0.3  m.  Let  us  determine 

the  dependence  of  craft  weight  (lift)  per  unit  power  on  the  relative  elonga¬ 
tion  [aspect  ratio]  of  the  nozzle  installation.  From  the  known  value  of 
the  parameter  b/h,  let  us  determined  and  p.  Using,  the  values  of  these 
parameters  and  knowing  the  function  P  -  f(l/3,  b//S),  defined  by  £qs.  (344) 
and  (346),  let  us  calculate  the  lift  coefficient  c ■  for  the  corresponding 

values  of  L/b.  Then  by  the  formula 


Y  o.VTTi EY_L 

\vT  ^  I  2  \  aF  )  Sc  * 


readily  derived  from  Eq.  (342),  let  us  determine  the  value  of  Y/N  . 

c 


5 


i 


CjUt 


nr/ft 


Fig.  210.  Weight  per  unit  volume 
as  functions  of  weight  load  at  craft 
bottom  (S  m  100  m  {  P  -  0.04;  h  » 

0.5  o): 

1  —  for  round  nozzle  when  L/B  -  1 

2  —  for  square  nozzle  when  L/B  •  1 
5  —  for  oval  nozzle  when  L/B  -  4 

4  —  for  rectangular  nozzle  when 
L/B  -  4 


Fig.  21 1 .  Required  power  as 
functions  of  weight  load  at  craft 
bottom  and  relative  elongation  of 
oval  nozzle  installation  (S  - 
100  m  ;  P  •  0.04;  h  «  0.5  m) s 

1  —  for  round  nozzle  when  L/B  -  1 

2  —  for  equare  nozzle  when  h/B  -  1 

3  —  for  oval  nozzle  when  I^B  ■  4 

4  —  for  rectangular  nozzle  when 

L/B  m  4 

KEY*  A  —  kg/m2 


The  function  Y/Nc  ■  f(l/B)  for  planform  oval  and  rectangular  nozzle 

installations  ia  shown  in  Fig.  209,  where  we  can  see  that  for  the  same 
expended  power,  the  lift  diminishes  with  increase  in  relative  length  of 
the  nozzle  installation.  Here  planform  oval  installations  exhibit  the 
greater  lift,  while  among  these  is  the  round  nozzle,  producing  roughly 
7  i  *’  'cent  more  lift  than  a  square  nozzle.  As  the  elongation  of  the  oval 
no  ie  installation  is  increased  to  I^B  ■  2,  the  lift  is  reduced  hy  appro* 
ximately  4.7  percent.  The  elongation  of  planform  oval  nozzles  up  to  i/B  -  5 
reduces  the  lift  by  about  10.9  percent  compared  with  the  round  nozzle.  For 
rectangular  nozzles,  an  increase  in  elongation  to  L/B  *  2  and  l/B  -  3  means 
a  reduction  in  lift  of  3 >4  and  8  percent  compared  with  the  square  nozzle, 
respectively. 


Case  of  identical  exit  area  of  particular  nozzle  installations.  For 
all  nozzle  installations  considered,  we  will  assume  that  their  overall  area 
S  b  100  and  the  elevation  of  the  craft  above  the  ground  surface  h  ■  0.3  m 
is  the  same.  We  will  assume  the  nozzle  exit  area  also  to  be  identical  and 


I 


Fig.  212.  Volume  flow  of  air  fed  to  Fig.  213.  Hequired  power  as 
nozzle  installation  as  functions  of  functions  of  load  on  craft  bottom 
load  at  craft  bottom  (S  ■  100  m^;  (S  ■  100  m^;  p  ■  0.04;  h  ■  0.3  m)* 

F  -  0.04;  h  ■  0.3  m):  1  —  for  round  nozzle  when  i/B  ■  1 

1  —  for  round  nozzle  when  L/B  ■  1  2  — *  for  square  nozzle  when  I^B  ■  1 

2  —  for  square  nozzle  when  h/B  ■  1  5  —  for  oval  nozzle  when  l/B  ■  4 

3  —  for  oval  nozzle  when  L/B  -  4  4  —  for  rectangular  nozzle  when 

4  —  for  rectangular  nozzle  when  L/B  ■  4 

L/B  -  4  KEY:  A  —  hp 

KEY:  A  —  mV  sec 

2 

equal  to  4  percent  of  the  nozzle  installation  area,  that  is,  F  »  4  m  . 
Knowing  the  planform  shape  of  the  nozzle  installation  and  the  relative  exit 
area  P,  let  us  determine  the  nozzle  flow-through  width: 

for  an  oval  nozzle  installation 


for  a  rectangular  nozzle  installation 
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where 


(350) 


t 


Since  the  elevation  h  is  specified,  let  us  find  its  value  b/h  for  each 
nozzle  installation  differing  in  relative  elongation  l/B.  Then  let  us 
determine  by  Eqs.  (539)t  (340),  and  (541)  the  coefficients  <K  ,  p,  and  cy, 

respectively,  farther,  specifying  various  values  for  the  parameter  C/S, 

let  us  calculate  the  values  of  G/N  by  iiq.  (342).  For  the  same  G/S  values, 

c 

lot  us  find  the  total  pressure  Hc  that  must  be  sustained  in  the  air  stream 

in  front  of  the  nozzle  installation,  and  then  the  air  volume  flows  4  and 
power  —  by  Eqs.  (306)  and  ( 333). 

By  comparing  the  resulting  curves  (Figs.  210-213)  for  the  corresponding 
functions  derived  earlier  (cf.  Figs.  203-207),  we  can  see  that  the  pattern 

of  variation  in  the  parameters  G/N  ,  4,  H  ,  and  N  as  a  function  of  loading 

c  c  c 

G/S  remains  approximately  the  same  as  in  the  case  of  constant  exit  width  of 
nozzle  installations.  The  only  difference  is  that  when  F  =  const,  the 
pressure  H,  ri3es  markedly  with  increase  in  relative  elongation  l/B,  when 

therp  is  a  small  rise  in  volume  flow  4,  and  in  the  case  when  b-  const, 
conversely,  the  pressure  varies  weakly  with  increase  in  l/B,  while  the 
volume  flow  rises  appreciably.  With  increase  in  l/B  there  is  a  gain  in 
power  N^,  ir.  either  case. 

Let  ur.  also  determine  dependence  of  power  (N on  nozzle  installa¬ 
tion  shape  for  constant  craft  weight  (G/S  *  const)  and  lift  (weight)  on 

the  nozzle  installation  3hape  for  identical  power  outlay  (N^  »  const). 

c 

To  solve  the  problem,  let  us  use  equation  (342).  Starting  from  the 
condition  that  P  =  0.04  for  all  the  nozzles  considered  is  a  constant,  let 
us  determine  by  Eqs.  (349)  and  (350)  the  nozzle  exit  width  b  for  various^ 
l/B  values.  Further,  calculating  b/h,  let  us  find  the  coefficients  OC,  p, 
and  c  ,  and  then  by  using  Eq.  (342),  let  us  determine  the  unknown  value  of 

y 

VG  for  the  corresponding  value  of  L/B. 

The  dependence  of  power  per  unit  weight  on  the  relative  elongation  of 
a  nozzle  installation  for  identical  bottom  loading  is  shown  in  Fig.  214, 
where  the  dependence  of  relative  nozzle  exit  width  b/VS" on  its  relative 
elongation  L/B  is  also  plotted.  As  we  can  see,  for  identical  nozzle 
installation  weight,  identical  elevation  above  support  surface,  and 
identical  nozzle  flow-through  width,  us  the  elongation  of  the  nozzle 
installation  is  increased  the  power  rises,  and  it  does  30  more  intensely 
than  when  the  nozzle  installation  width  remains  constant. 


Fig.  214.  Hoqulred  power  as  functions 
of  relative  elongation  of  nozzle 
installation  for  different  weight 
loads  (S  «  100  m2;  h  «  0.5  n;  F  - 
0.4  m^): 

a  —  for  oval  nozzle  installation 
b  —  for  rectangular  nozzle  instal¬ 
lation 

KEY:  A  —  k 

B  —  k^m 


Fig.  213.  Power  loading  as  functions 
of  planforo  shape  of  nozzle  instal¬ 
lation  for  identical  nozzle  instal¬ 
lation  area  (S  ■  100  n2j  F  -  4  a2* 

N  -  900  hp{  h  -  0.3  m)i 

c 

1  and  2  —  for  oval  and  rectangular 
nozzles,  respectively 


To  find  the  dependence  of  the  lift  (weight)  on  nozzle  installation 
shape  for  iaontical  power  outlay,  which  we  assune  to  be  N  =  9^0  hp,  let 


us  use  Eq.  (348).  Employing  the  values  of  of  and  c,  determined  in  the 


preceding  case  for  F  -  0.04  as  a  function  of  l/B,  and  also  Lq.  (340),  we 


get  the  function  C/N  -  f (h/B)  shown  in  Fig.  215  for  oval  and  rectangular 


nozzle  installations.  As  we  can  nee,  for  the  same  expended  power,  as  the 
relative  ler.rth  of  the  nozzle  installation  is  increased, _the  weight  power 
loading  becomes  less ,  where  in  this  case,  that  is,  when  F  -  const,  the 
decreaae  in  G/N  (lift  per  unit  power)  proceeds  more  intensely  with  increase 


in  L/B  thun  when  b  =  const  (cf.  Figs.  209  and  215). 


U*  «♦  */* 


Pig.  216.  For  grapnical  determina¬ 
tion  of  parameter  b/h  for  oval  and 
rectangular  nozzle  installations 
with  different  relative  elongations 
(S  -  100  m2;  b  -  0.12  m;  G  -  15,000 
kg;  Nc  -  900  hp;  the  solid  curves 

correspond  to  oval  no/.zles,  and  the 
dashed  curves  —  to  rectangular 
nozzles) 


ISUESi 


Pig.  217.  Effect  of  planform  shape 
of  nozzle  installation  on  craft 
elevation  above  support  surface 
(S  -  100  m2;  b  -  0.12  m;  G  -  15,000 
kg,  Nc  -  900  hp)* 

1  and  2  —  for  oval  and  rectangular 
nozzles,  respectively 


Effect  nf  nozzle  installation  shape  on  cruft  elevation  above  ground 
surface.  Let  us  find  the  dependence  of  craft  elevation  above  support  surfa^» 
on  the  relative  length  of  oval  and  rectangular  nozzle  installations.  For 
all  the  particular  nozzle  installations  we  will  assume  the  following* 

S  ■  100  m4-,  b  »  0.12m;  G  *  15,000  kg;  and  N  »  900  hp.  Since  it  is  not 

c 

possible  to  •  ■xpress  the  dependence  of  elevation  h  explicitly  on  these  para¬ 
meters,  let  us  solve  this  problem  graphically.  Eq.  (542)  can  be  written  as 


LA  -  j_. jl —  V- 

~  75  Nt  V  P  v 


The  right  side  of  the  equation  is  constant.  The  coefficients  c^  and 

<<  appearing  in  the  left  side  of  the  equation  depend  on  the  relative  eleva¬ 
tion  of  the  ''raft,  that  is,  on  the  parameter  b/h.  Knowing  b  and  S,  and 
assigning  different  values  to  L/B  for  oval  and  rectangular  nozzle  installa¬ 
tions,  let  us  determine  by  Eqs.  (544)  and  (546)  <;he  relative  exit  area  P. 
Using  these  values  of  F  for  each  elongation  l/B  and  specifying  different 
values  to  b/h,  let  us  determine  by  Eqs.  (559),  (540),  and  (541)  the  values 

of  of,  P,  un,i  cw,  and  then  let  us  plot  the  relationship  V 
as  a  function  of  b/h. 


k 


f(hh)  and  the 


The  point  of  intersection  of  the  curve 


straight  line  \  |  j!  \^  \  / 


I 


nF 


gives  the  unknown  value  of  the  parameter  b/h  for  the  particular  relative 
elongation  of  the  nozzle.  Pig.  216  chows  the  graphical  solution  of  Kq.  (551 )* 
and  Pig.  217  shows  the  dependence  of  the  relative  elevation  h/b  of  the 
nozzle  installation  above  the  support  surface  on  the  relative  elongation 

l/b. 


For  identical  nozzle  installation  area,  identical  nozzle  exit  width, 
identical  craft  power,  and  identical  power  expended  in  forming  the  air 
cushion,  planform  oval  nozzles  provide  the  greater  elevation.  For  the 
conditions  specified  above,  the  elevation  of  a  planform  round  nozzle  *b 
proportionally  10  percent  higher  than  that  of  a  square  nozzle.  With 
increase  in  relative  elongation  of  a  nozzle,  the  elevation  difference 
becomes  gradually  smaller,  however  even  for  the  elongation  L/B  •  2“3,  it 
still  is  quite  appreciable. 

Effect  of  nozzle  installation  shape  on  lift  for  identical  length  and 
width  of  nozzle  installation.  Let  us  determine  the  optimal  planform  shape 
of  u  nozzle  installation  for  specified  overall  craft  dimensions  (length  L 
and  width  B),  that  is,  let  us  find  the  form  for  which  the  lift  Y  will  be 
the  greatest,  and  the  power  supplied  to  the  air  streaming  producing  the 

air  cushion  and  the  elevation  h  of  the  craft  above  the  surface  will  remain 
identical . 

2 

We  will  assume  the  area  L-B  *  100  m  ,  the  elevation  of  the  nozzle 
installation  h  =  0.3  n,  and  the  power  of  the  air  stream  in  front  of  the 
nozzle  N  =  900  hp.  Let  us  examine  two  planform  dissimilar  nozzle  instal¬ 
lations  —  rectangular  and  oval  over  the  range  of  variation  in  relative 
donation  L/B  from  1  to  4-  We  will  perform  the  analysis  for  two  cases: 
for  identical  relative  nozzle  exit  width  b/h;  and  for  identical  relative 
nozzle  exit  area  P. 


The  ease  of  identical  nozzle  exit  width.  Let  us  assume  the  nozzle 
exit  width  b  *  0.12  m.  To  this  value  there  corresponds  the  parameter  b/h  ■ 
0.12/0.3  “  0.4.  Specifying  different  values  for  the  parameter  l/B  and 
using  the  rendition  LB  100  m^,  let  us  find  the  corresponding  values  of 
B  and_L.  Then  by  Eqs.  (343)  and  (345)  let  us  determine  the  relative  exit 
area  F  of  oval  and  rectangular  nozzle  installations.  Rirther,  by  Sq3.  (3J9), 
(340),  and  (341)  let  us  calculate  the  coefficients  oc ,  p,  and  c  .  Using 

y 

the  values  found  for  these  coefficients  for  the  various  values  of  the 
relative  craft  elongation  L/B,  let  us  determine  G/’Jc  by  Eq.  (340).  The 

air  volume  flow  and  the  total  pressure  required  to  produce  the  air 

cushion  can  found  by  Eq3.  (306)  and  ( 301 ). 


The  resulting  functions  are  shown  in  Pig.  218,  from  which  it  is  clear 
that  for  small  relative  elongations,  the  rectangular  nozzle  installations 
have  greater  power  loading,  that  is,  greater  lift  compared  with  the  oval. 

Thus,  the  lift  of  a  square  nozzle  installation  is  about  8.9  percent  greater 
than  for  a  round,  in  spite  of  the  fact  that  the  areas  of  these  installations 
differ  by  27  percent  for  identical  overall  dimensions.  This  difference  is 
due  to  the  fact  that  a  higher  total  pressure  with  somewhat  less  air  volume 
flow  must  be  maintained  in  front  of  the  round  nozzle  installation. 

With  increase  in  relative  elongation  l/B  of  a  craft,  the  efficiency 
of  the  oval  nozzle  installations  rises,  and  then  begins  to  decrease,  approach¬ 
ing  the  efficiency  of  rectangular  nozzle  installations.  For  the  relative 
elongation  L/B  -  3,  the  power  loading  becomes  identical,  in  spite  of  the 
fact  that  the  bottom  area  of  oval  nozzle  installations  is  less  than  the 
bottom  area  of  rectangular  nozzle  installations.  Even  in  this  case  somewhat 

greater  total  pressure  H  is  required  for  oval  nozzle  installations. 

c 

Case  of  identical  relative  nozzle  exit  area.  Wc  will  assume  the  nozzle 
exit  area  F  to  be  equal  to  4  percent  of  the  area  S  of  the  nozzle  installa¬ 
tion  bottom.  For  each  rectangular  nozzle  installation,  the  area  F  —  accord¬ 
ing  to  the  adopted  conditions  —  is  4  m2,  and  for  an  oval  installation  — 

F  =  0.04  Sq,  where  we  determine  by  Eq.  (347)  as  a  functi >n  of  the  rela¬ 
tive  elongation  L/B  ci  the  nozzle  installation.  Knowing  F  and  S,  let  us 
calculate  by  oqs.  (349)  and  (350)  the  values  of  the  parameter  b/^Tand  let 
us  determine  the  nozzl'  exit  width  b.  FHirther,  by  determining  the  parameter 
b/h  for  the  corresponding  l/B,  let  us  find  the  coefficients  of,  p,  and  c^, 

and  then  by  Eq.  (348)  ~  the  power  loading.  Using  Eqs.  (500)  and  (306), 
it  in  not  difficult  to  determine  for  each  calculated  l/B  vulue  the  air 

volume  flow  <-<  and  the  total  pressure  H  required  to  produce  an  air  cushion. 

c 

The  resulting  functions  are  shown  in  Fig.  219. 

Calculations  showed  that  for  the  same  relative  nozzle  exit  area  (F  • 
const),  there  is  the  same  pattern  of  variation  in  the  functions  H  ■  Ml/B) 

C  • 

and  •  f^(L/3)  as  in  the  case  of  identical  nozzle  exit  width  (b  *  const), 

in  spite  of  the  fact  that  the  coefficients  oCand  p  differ  for  the  particular 
nozzle  installations.  Just  as  in  the  preceding  case,  the  increase  in  the 
relative  elongation  L/B  of  the  oval  nozzle  installation  initially  leads  to 
a  rise  in  lift,  and  then  to  a  reduction.  The  efficiency  of  the  rectangular 
and  the  oval  nozzle  installations  becomes  identical  when  l/B  Ck 2.6. 

The  calculations  afford  the  following  principal  conclusions* 

planform  oval  nozzle  installations  compared  with  rectangular  instal¬ 
lations,  for  identical  overall  bottom  areas  and  relative  elongations,  and 
also  for  identical  elevation  above  the  support  surface  and  power  expended 
in  air  cushion  formation  produce  the  greater  lift. 
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Pi/:.  218.  Characteristics  of 
aii-  cushion  vehicle  as  a  function 
of  planforn  shape  of  nozzle 


installation  and  its  relative 
elongation  (L»B  ■  ’00  m2;  b  <= 
0.12  m;  h  =  0.}  m;  N  =  900  hp)x 


1  and  2  —  for  oval  and  rectangular 
nozzles,  respectively 


An  incr  -ise  ir.  the  relative  elongation  of  a  nozzle  installation  for 
th<->  3amc  overall  botton  area  leads  to  a  reduction  in  lift  both  for  oval 
as  well  as  rectangular  nozzle  installations.  Curving  of  the  edges  of  a 
planforn  rectangular  nozzle  and  its  conversion  into  an  oval  nozzle,  with 
the  overall  bottom  areu  retained,  improves  its  load-bearing  qualities. 

Under  these  'onditions,  oval  noz  le  installations  provide  greater  hovering 
height  above  a  support  surface  than  do  rectangular. 

For  specified  overall  dimensions  (length  and  width)  of  an  air  cushion 
vehicle,  thn  advantage  of  employing  a  particular  nozzle  installation  plan- 
form  shape  depends  on  i*s  relative  elongation.  For  small  relative  elonga¬ 
tions  (clos'  to  unity),  rectangular  nozzle  installations  provide  greater 
lift  compared  with  ovai.  With  increasing  relative  elongation,  the  efficiency 
of  oval  nozzle  installation  rises,  and  when  L/B  ^2,  oval  and  rectangular 
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Fir.  219.  Characteristics  of  air  cushion  vehicle  83  a 
function  of  planfom  shape  of  nozzle  installation  and 
its  relative  elongation  (L»B  *  100  m2 5  ?  -  0.04? 

h  -  0.3  m;  N  ■  900  hp)i 

c 

>  and  2  —  for  oval  and  rectangular  nozzles,  respectively 


nozzle  installations  produce  approximately  the  same  lift,  in  spite  of  the 
fact  that  in  these  cases  the  area  of  the  oval  nozzle  installations  is  less 
than  that  of  the  rectangular. 


40.  effect  of  Stability  Nozzle  Placement  on  the  Lift  of  a  Two-Pass  Nozzle 
Installation  for  Constant  Power  Outlay 

Variation  in  the  lift  of  a  plane  sectionalized  nozzle  installation  is 
wholly  determined  by  the  pattern  of  variation  in  its  lift  coefficient  c  . 

y 

The  power  fed  to  this  nozzle  installation  is  independent  of  the  stability 
nozzle  placement  E^/B,  since  the  flow-through  area  of  the  external  nozzles 

F1  and  of  the  stability  nozzles  F?  and  their  discharge  coefficients  0f1  and 

OC,  remain  'onstant  with  variation  in  the  parameter  B^/B.  tfe  can  evaluate 

the  pattern  of  the  function  Y  «  f ( B^/B)  from  the  curve  cy  =  ftB^/B,  K  /B) 

shown  in  Pi,\.  v?2.  The  lift  of  this  installation  is  always  smaller  than 
the  lift  of  a  plane  single-pass  nozzle  constructed  with  the  3ame  overall 
dimensions,  with  the  same  total  flow-through  area,  and  with  the  same 
angle  of  generatrix  inclination,  as  well  as  identical  power  outlay. 
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Fig.  220.  Loau-bearing  capacity  of  two-pass 
annular  nozzle  installation  as  functions  of 
placement  of  internal  nozzle  for  constant 
power  outlay  (D#  =  10  m;  ^/D#  -  b^/D^  ■  0.01} 

<P ]  -  <f2  «  45*;  Nc  -  500  hp) 

KKYi  A  —  kg 

Let  us  determine  the  pattern  of  variation  in  the  lift  of  a  double -pass 
annular  nozzle  as  a  function  of  stability  nozzle  placement  for  the 

same  power  outlay  expended  in  producing  the  air  cushion,  and  with  unchanged 
hovering  height  above  the  support  surface.  In  this  kind  of  nozzle  installa¬ 
tion,  as  the  parameter  L^/l)^  *3  educed,  the  stability  nozzle  flow-through 

area  becomes  less,  the  air  volume  flow  is  smaller,  and  the  power  required 
to  s  .stain  the  craft  at  a  given  elevation  h  above  the  support  surface  changes. 
For  a  double-pass  annular  nozzle  the  nature  of  variation  in  the  lift  coeffi¬ 
cient  c  does  not  directly  express  the  pattern  of  variation  in  the  lift  Y 

y 

for  constant  power  outlay. 

Let  us  examine  the  characteristics  of  a  double-pass  annular  nozzle 
with  horizontal  nozzle  cut-off  having  the  following  parameters*  DM  «  10  m, 

b1  «  b,,  a  0.1  n,  <P  1  *  <f ,  =  45®*  We  will  assume  the  air  density 

*■  c.  i \ 

0.125  kg*  sec  /m  *  and  the  expended  power  is  taken  as  constant  and 
equal  to  N  =  }C0  hp.  specifying  various  values  for  elevation  h,  let  us 
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Fig.  221 .  Air  pressure  and  air  volume 
flow  of  double-pasa  annular  nozzle 
installation  an  functions  of  placement 
of  internal  nozzle  for  constant  power 
outlay  (Dy  *  10  m|  b.j/D^  m  »  0.01} 

-  <P2  »  Ab°;  Nc  -  300  hp) 


find  the  corresponding  values  of  the  parameter  b/h,  and  then_oy  Kqs.  (86), 
(&9)>  (91),  *nd  (9^),  let  us  determine  the  coefficients  p1 ,  p^t  oC1 ,  and 

OC^.  Further,  specifying  different  values  to  the  parameter  and  using 

the  familiar  geometrical  parameters  of  the  nozzle,  let  us  calculate  hy 
Kqs.  (189),  (190),  (191)*  and  (192)  the  areas  and  °f  the  nozzle 

cut-offs,  arcus  of  the  sections  and  5^  of  the  nozzle  installation  bottom, 

and  the  area  of  th°  entire  bottom  S.  Then  let  us  determine  the  corresponding 
values  of  of  and  <X  by  Eqs.  (1Q6)  and  (96),  and  further,  by  the  following 
formulas 

r>  .V  '  /  7 5Af  r  l*  TUn7\* 


c  1  (.  /  75/V,  \*  „  ,/  I*  /  7aN'  V 
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and  Q  =  «t:lJr™r 
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Kir.  222.  Discharge  coefficient  of  two- 
pass  annular  nozzle  installation  as  func¬ 
tions  of  internal  nozzle  placement  (Dw  = 

10  m;  b1/DH  =  b^/D*  -  0.01;  ^  -  <p?  - 

4‘;°5  Nc  -  300  hp) 

let  us  fim!  the  corresponding  lift,  pressure,  and  air  volume  flow. 

As  the  diameter  of  the  internal  nozzle  is  reduced  (Fig.  220),  that  is, 
•with  decrease  in  the  parameter  D^/D,,,  the  lift  rises  for  small  elevations 

h/D^  and  decreases  somewhat  for  greater  elevations,  in  spite  of  the  fact 

that  the  lift  coefficient  c  decreases  with  decrease  in  the  parameter 

y 

Dh?/D(J  for  all  tne  elevations  considered.  Here,  as  we  can  see  in  Figs.  221 

and  222,  the  pressure  rises  with  decrease  in  the  parameter  while 

the  air  volume  flow  ~  in  spite  of  the  increase  in  the  total  discharge 
coefficient  Ot  —  becomes  smaller. 

Thus,  the  conversion  of  the  single-pass  annular  nozzle  installation 

««  0,972 'j  into  a  two-pass  installation  <L  0.972)  with  the 

name  overall  flow-through  width  (b  -  b1  +  b^)  and  the  same  angle  of 
generctrix  inclination  {cp  =  »  <p?)  makes  it  possible,  for  the  same 
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power  outlay,  to  prod-ae  a  greater  lift  at  low  elevations.  Here  it  must 
be  remembered  that  c,  higher-pressure  air  flow  nwst  be  brought  to  the 
double— oass  nozzle  installation.  .Thi3  pattern  of  variation  in  the  aero 
dynamic  characteristics  of  a  double— pass  annular  nozzle^ is  due  to  the 
appreciable  reduct  ion  ir.  the  overall  flow— through  area  F  as  the  diameter 


of  the  interna] 


nozzle 


is  made  smaller. 


,-iith  increase  in  the  nozzle  installation  elongation,  that  i3,  with 
the  transformation  of  the  round  nozzle  installation  into  an  oval  installa¬ 
tion,  the  difference  in  the  pattern  of  variation  of  lift  Y  and  lift  cocffi- 
ier.t  c  as  a  function  of  parameter  B^/B  becomes  smoothed  over,  the  lead- 

rearin,;  capacity  of  oval  two— pass  nozzle  installations  deteriorates,  and 
rir.  'lo*-pass  nozzle  installations  become  more  efficient  for  the  same  power 
outlay  in  sustaining  the  craft  at  a  specified  elevation. 
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CHAPTER  NINE 

AETtCDYNAMIC  DRAG  OP  FLCk'-THROUGH 
JfciCTION  OF  Ai:  AIR  CUSHION  VEHICLE 


.;9 .  -‘oro^ynanio  Jharacteristics  of  Flow-Through  Section 

The  flow -through  section  of  flight  air  cushion  vehicles  ccnprises  a 
system  of  air  ducts  for  sucking  in  ambient  air,  cnanneling  it  through  the 
■raft,  and  discharging  it  through  the  nocule  installation  to  the  exterior 
to war :  the  grounu  surface  in  the  form  of  jets  producing  thr  air  cushion. 

The  flow-thr  ugh  section  is  a  vital  component  of  these  crafts  its  configura¬ 
tion  and  dimensions  eften  predetermine  the  craft  urrungem-'nt  a3  a  whole, 
an't  or  the  aerodynamic  qualities  of  the  f low- through  section  depend  not 
only  the  '-fficiency  of  the  ro  zlc  installation  but  also  the  power  charac¬ 
teristics  of  -the  craft. 

The  principal  requirements  on  the  flow- through  section  are  the  follow! 
the  most  ur.iforr  possible  supply  of  air  as  it  is  fed  *c  the  nozzle  installa- 
•i  r,  small  nydrauii :  pressure  losses,  and  3mall  overall  duct  dimensions. 

Trent  requirements  are  contradictory,  since  satisfying  one  of  them  most 
filly  entails  degrading  other  parameters.  Therefore,  building  a  rational 
system  of  the  flow-through  section  is  possible  only  given  a  compromise 
solution. 

7r.c  flow-thr  ugh  section  of  ar.  air  ushion  vehicle  differs  aerodynamically 
from  tne  ordirar y  "etvork  in  which  a  fan  operates.  Its  distinction  is  that 
at  small  pro:; surer  produced  \y  a  fan  this  network  is  a  closed  volume  admitting 
barely  nr.y  air.  This  corresponds  to  the  case  when  an  air  cushion  vehicle 
recto  on  the  support  surface  and  its  r.oxzle  exits  proved  to  be  quite 
tightly  seal'-"’  by  the  soil  if  the  craft  is  or.  the  jtround,  or  by  the  water 
i:  i‘  is  afloat.  In  fhis  condition  the  craft  remains  until  the  critical 
-orient  when  the  forces  cf  excess  pressure  beneath  the  craft,  increasing 
with  the  prose.; ro  rise  ir.  the  network,  become  equal  to  the  craft  weight. 

.I  slight  excess  of  the  critics'1  pressure  leads  tc  the  lift  of  the  craft 
fro-  the  support  surface  and  the  apparently  automatic  opening  of  the  valves 
and  tii j  cisctiar.-e  of  air  from  them.  At  this  instant  the  craft  enters  the 
free  hovering  regime. 
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With  further  pressure  rise  in  the  network  and  a  corresponding  increase 
in  the  air  volume  flow,  the  elevation  rises  and  so  does  the  distance  between 
the  nozzle  cut-off  and  the  support  surface,  while  the  compressing  action  of 
the  support  surface  on  the  air  jet3  escaping  front  the  nozzles  weakens.  The 
drag  coefficient  of  a  nozzle  installation  becomes  smaller  with  increase  in 
the  elevation. 

Thus,  the  flow-through  section  of  an  air  cushion  vehicle  is  a  network 
with  variable-area  exit  openings,  whose  beginning  and  degree  of  opening 
depend  on  the  pressure  built  up  by  the  fan.  These  properties  of  the  flow¬ 
through  section  predetermine  the  pattern  of  variation  in  its  drag  as  a 
function  of  the  amount  of  air  passed,  which  introduces  the  points  of  dis¬ 
tinction  into  the  combined  operation  of  the  craft's  flow-through  section 
and  its  fan  installation. 


^0.  Ltrag  of  the  Plow-Through  Section 

The  aerodynamic  drag  of  the  flow-through  section  in  an  air  cushion 
vehicle  is 


H  ~  Hm  t-  //„  I-  Ht, 

where  is  the  drug  of  the  suction  network  ducts;  iS  the  drag  of  the 

delivery  network  ducts;  and  are  the  losses  in  the  dynamic  pi  ssure  of 

c 

the  air  jets  outflowing  from  the  nozzle  installation. 

The  dynamic  pressure  of  an  air  jet  outflowing  from  the  nozzle  installa¬ 
tion  is  directly  associated  with  the  effect  of  air  cushion  formation 
beneath  the  craft.  Lo3aee  in  dynamic  pressure  are  determined  by  the  total 
pressure  expended  in  producing  the  jetn  for  required  air  volume  flow  in 
the  conditions  of  air  cushion  formation.  The  size  of  the  losses  depends 
strongly  on  the  nozzle  installation  geometry  and  the  elevation  of  the 
nozzle  installation  above  the  support  surface.  This  function  is  manifested 
in  the  variation  of  velocity  fields  in  the  nozzle  cut-off  plane. 

The  drag  of  the  suction  network  and  the  delivery  network  is  associated 
with  the  necessity  of  feeding  external  air  into  the  nozzle  installation 
and  has  no  direct  effect  on  the  excess  pressure  in  the  air  cushion.  Aero- 
dynamically,  this  drag  is  detrimental.  To  overcome  the  drag  in  the  suction 
and  delivery  network,  an  additional  power  outlay  is  required,  which  degrades 
the  power  characteristics  of  the  air  cushion  vehicle. 

Pressure  losses  in  the  ouction  network  are  especially  small,  since 
the  extent  of  the  ductB  forming  this  network  is  limited  and  its  shaped 
sections  do  not  produce  large  local  drag  values.  Often  the  suction  network 
consists  only  of  an  air-receiving  connecting  piece,  which  is  at  once  the 
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inlet  header  of  the  fan.  In  this  case  the  pressure  losses  in  the  suction 
network  are  assumed  to  be  zero,  since  the  air-receiving  connecting  piece” 
header  is  regarded  as  n  (component  of  the  fan  and  the  pressure  losses  it 
produced  are  accounted  for  in  the  fun  characteristic. 

Pressure  losses  in  the  delivery  network  can  reach  large  values.  They 
usually  consist  of  pressure  losses  in  the  diffusor  mounted  behind  the  fan, 
in  the  annular  and  radial  turns  by  which  the  fan  diffltuor  is  conjugated 
with  the  air-distributor  ducts,  in  the  receiver  and  its  turns  guiding  the 
air  into  the  nozzle  installation,  and  also  in  the  narrow  constrictions  and 
dilations  produced  by  the  presence  in  the  flow-through  section  of  different 
kinds  of  projecting  parts  and  installations. 


The  total  drar  of  the  flow-through  section  in  an  air  cushion  vehicle  is 


H 


(352) 


where  £  i:  the  coefficient  of  dynamic  pressure  losses  in  the  stream  as  it 
exits  from  th-  nor 7.1  o  installation;  £  ic  the  coefficient  of  local  drag  in 

the  shape,;  component  of  a  duct;  v  is  the  mean  air  velocity  in  the  flow- 

through  openings  of  the  noy./.le  installation;  v^  is  the  mean  air  velocity 

in  a  typical  section  of  «  particular  duct  component;  1^  ic  the  length  of 

the  parti  -nlar  duct  section;  <L  is  the  equivalent  diameter  of  the  flow- 

through  cross-section  of  a  particular  duct  section;  f  ia  the  air  density; 
and  '-he  coefficient  of  air  friction  against  the  walls  of  the  particular 

duct  section. 


The  lirct  term  at  the  right  side  of  &q.  (352)  characterizes  the  pressure 
losses  in  the  nozzle  installation,  anti  the  two  others  —  the  pressure  losses 
in  the  flow-through  section  ducts  from  the  point  at  which  the  ambient  air 
is  slicked  into  the  craft  until  it  enters  the  nozzle  installation.  The 
coefficients  $ ,  and  /T  depend  in  the  general  case  on  the  Reynolds 

number,  velocity  field  profile  in  the  air  stream  flowing  into  the  duct 
element,  the  roughness  of  the  duct  walls,  und  the  stream  turbulence. 

In  practical  calculations  of  the  flow-through  section  in  an  air  cushion 
vehicle,  these  coefficients  can  be  determined  from  the  appropriate  theore¬ 
tical  ox-  experimental  functions  for  the  specified  geometry  of  the  duct 
element  and  the  assumed  aerodynamic  parameters  of  the  air  stream,  with 
allowance  for  the  effect  of  the  Re  number  and  other  factors,  but  upon 
further  examination  of  the  various  operating  regimes  of  the  flow-through 
section,  these  coefficients  can  be  assumed  to  be  constant  and  independent 
of  these  fa- tors  if  during  the  variation  of  the  regime  these  factor  do  not 
undergo  larf-e  changes. 
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j  id.  . 


! 


The  coefficient  of  drag  f  in  the  nozzle  installation  and  the  coeffi¬ 
cients  £ j  and  of  drag  in  the  ducts,  appearing  in  Eq.  (552),  are 

different  in  physical  meaning,  their  values  are  determined  by  different 
factors,  and  they  affect  the  characteristics  of  an  air  cushion  vehicle 
in  different  ways.  Let  us  determine  what  effect  they  have  on  a  craft  in 
the  hovering  regime. 


51.  Drag  of  Nozzle  installation 

The  pressure  losses  in  a  nozzle  installation  are 


where  ^  and  F  are  the  air  volume  flow  and  flow-through  area  of  the  nozzle 
installation,  respectively. 

The  drag  coefficient  £  of  a  nozzle  installation  reflects  the  losses 
and  kinetic  energy  suffered  by  the  air  jets  producing  the  air  cushion  and 
comprises  an  outlay  of  total  pressure  required  to  produce  these  jets, 
expressed  in  fractions  of  the  dynamic  stream  pressure  determined  from  the 
mean  dischar(^e  velocity.  The  size  of  this  coefficient  is  predetermined  by 
the  nozzle  installation  geometry  and  by  the  position  of  this  installation 
relative  to  the  support  surface,  that  is,  on  the  one  hand  by  shape  of  the 
nozzle  installation,  dimensions  of  the  flow-through  openings  of  its 
constituent  nozzles,  angle  of  generatrix  inclination,  and  by  the*  conditions 
under  which  the  air  flows  into  the  nozzle  installation,  and  on  the  other 
hand  —  by  the  elevation  of  the  nozzle  installation  above  the  support 
surface,  the  relief  of  the  surface,  and  the  angle  at  which  the  nozzle 
installation  heel:;  with  respect  to  it. 

The  drag  coefficient is  associated  with  the  discharge  coefficient 
of  the  nozzle  installation  by  the  relationship  f  ■  1  /p  .  We  can  determine 
this  coefficient  in  several  cases  theoretically  with  accuracy  that  suffices 
for  practical  purposes,  or  else  experimentally  by  full-scale  or  model  tests 
of  nozzle  inr tullations  in  their  required  ranges  of  elevation  above  this 
support  surface  and  angles  of  inclination  to  it. 

For  a  sin  le-pass  nozzle  installation  with  a  nozzle  flow-through  width 
b  and  angle  of  generatrix  inclination  f,  and  which  is  horizontal  relative 
to  a  smooth  solid  support  surface  at  elevation  h,  the  drag  coefficient 
is  calculated  by  Eq.  (78),  or  this  coefficient  is  related  to  the  flow¬ 
through  area  of  the  nozzle  installation. 
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ICO  Off  Vet*  J5 

Fig.  223.  Brae  cnaracteristics 
of  nozzle  installation  of  air 
cushion  vehicle  with  single¬ 
pass  annular  nozzle  as  function 
of  air  volume  flow  (D^,  *  10  m; 

b  -  0.12  n;  i>  -  45°;  Cv  m  °) 

2  * 

KEY:  A  —  kg/m 
B  —  nP/sec 


<7  sec 


The  functions  clarifying  the  manner  in  which  the  drag  H  of  a  nozzle; 

installation  depends  on  air  volume  flow  ^  for  different  elevations  h/Dg  above 

the  support  surface  are  defined  by  Eqs.  (353)  and  (78)  for  a  planform  round 
single-pass  nozzle  with  diameter  «  10  m,  flow-through  width  b  •  0.12  m, 

and  angle  r>f  generatrix  inclination  <p «=  45* »  and  are  shown  in  Pig.  22).  As 

we  can  see,  »ir.  increase  in  the  elevation  of  the  craft  above  the  support 
surface  reduces  the  drag  of  the  nozzle  installation,  and  when  the  craft  la 
beyond  th<  a*  rodynatr.ic  influence  of  ground  proximity  (h  -o^>),  the  drag  of 

the  nozzli  Installation  reaches  its  minimum  (£"  ■  1).  When  h  -  0,  where  the 

craft  rests  on  the  ground  with  its  nozzle  installation,  the  drag  coefficient 
C  - o> •  In  this  case,  the  characteristics  of  the  nozzle  installation  drag 
coincide  with  the  Y  axis. 

The  drag  coefficient  £  for  double-pass  and  sectionalized  nozzle 
installations  depends  more  complexly  on  the  geometrical  parameters  of  the 
nozzle  installation  and  its  position  relative  to  the  support  surface,  above 
the  pattern  of  variation  Hc  -  f(^)  ever,  in  these  cases  remains  similar  to 

that  shown  in  Fig.  22). 


52.  Draft  of  Flow-Through  Section  Ducts 

Pressure  losses  in  tlie  flow-through  section  ducts  over  the  area  from 
the  ambient  air  inlet  into  the  air  cushion  vehicle  to  the  point  where  air 
enters  the  nozzle  installation  are 


H „ 


£4 
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thiD  equation  can  conveniently  be  represented  as  the  following,  after 
determining  the  coefficients  appearing  in  it: 


//,  ~  +  Cw)^L» 

where  C,  .  =  >i.(l./d.)  »  const  is  the  reduced  coefficient  of  friction. 

A  1  111 

Upon  examining  the  problems  associated  with  the  comoined  operation  of 
a  fan  and  network,  the  network  comprises  of  suction  and  delivery  ducts  ia 
conveniently  characterized  by  a  single  overall  drag  coefficient  related  to 
the  representative  crnos-oection  of  the  flow-through  area: 


where  v ^  is  the  mean  air  velocity  in  the  nozzle  installation  exit  adopted 
ao  the  characteristic  network  oro3S-uection. 


The  air  volume  flow  in  each  section  of  the  network  ducts  is  the  same, 
t  at  is,  :  =  ■  VCF  *  const,  therefore  v^/v,  ■  F/F ^  and  thu3  the  drag 

coefficient  of  the  suction  and  delivery  sections  of  network  are  represented 
by 

^  =  X  +  (' £)’  • 


where  F  and  Fj  are  the  cros3-section  areas  of  the  exit  of  the  nozzle  instal¬ 
lation  and  the  particular  duct  section,  respectively. 

Thus,  the  pressure  losses  in  the  flow-through  section  ducts  are 


The  Hr  ag  cocf  ficiont  £  appearing  in  thin  formula  characterizes  the 

pressure  losses  associated  with  tl»c  phenomenon  of  stream  separation  from 
the  walls  of  the  flow-through  section  ducts,  with  the  constrictions  of 
the  stream  and  its  subsequent  expansions,  and  also  with  the  friction  of 
the  stream  against  the  walls  of  the  flow-through  section  ducts.  This 
coefficient  is  determined  by  the  duct  geometry  and  the  aerodynamic  proper¬ 
ties  of  the  stream  and  is  independent  of  the  placement  of  the  nozzle 
installation  relative  to  the  support  surface. 


53.  Characteristics  of  Network  Drag 

Total  pressure  losses  in  the  flow-through  section  of  an  air  cushion 
vehicle,  including  the  losses  in  dynamic  pressure  of  the  stream  exits  from 
the  nozzle  installation  are 


pv; 

H  =  (t  +  UT 


or,  with  reference  to  v^  ■  ^/F, 


»-  tt-cU-Hf)' 


(354) 


In  several  caser  it  appears  useful  to  characterize  the  total  drag  in 
the  network 

h = «  f ~  =  c.  ~2~  (-r): « 

by  a  single  overall  drag  coefficient  k  (f/2)-(f  +  ^)/f2,  which  has  the 
diriM'nslcr  [kg.sec^/m8] . 

lione tines  it  is  worthwhile  expressing  the  drag  of  the  craft  flow¬ 
through  section  in  torus  of  the  drag  coefficients  giver  with  respect  to 
the  exit  m-a  of  the  fan  housing  or  with  respect  to  the  area  Fon  swept 

by  tho  fan  it- poller.  In  these  cases  the  drag  coefficients  are 

w>  and 


-  t  JC  V  3 

s-  -Mf)' 

and  tho  pressure  losses  in  the  flow-through  section  are 


h=c4  and  "=c;^k 


where  vtf  is  the  mean  air  velocity  at,  the  fan  discharge;  v  is  the  mean 


or. 


air  1  or  i ty  in  the  imaginary  openinr,  whooe  urea  is  equal  to  tne  area 
swept  tiy  the  fan  impeller. 


a 
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Fig.  22 4.  Drag  characteristics 
of  network  of  air  cushion 
vehicle  with  single-pass  annular 
nozzle  as  function  of  air  volume 
flow  ( ■  10  tn;  b  ■  0.12  m; 

<f  -  43*)* 

1  —  when  h/Dw  ■  0.01  and  $  »  ^.^3 

2  —  when  h/D«  -  0.05  and  £  *  ^49 

KEY:  A  —  kg/m^ 

B  —  a3/sec 

For  a  a  ingle-pas s  nozzle  installation  above  the  solid  support  surface 
hy  the  height  h#  the  pressure  losses  in  the  craft  flow-through  section  are 


u  _  if  6  Ml  •  «tn»)._T*  , 

"  —  |l  ,  _  t  (M  »ln  v(  j  ^ 

t355' 

This  equation  is  the  network  characteristic  expressed  as  the  function 
H  =  f(k)  relating  the  geometrical  parameters  of  the  craft  flow-through 
section  with  its  elevation  above  the  support  surface. 

As  an  example,  in  Fig.  224  are  given  the  drag  characteristics  of  the 
flow-through  section  in  an  air  cushion  vehicle  with  a  single-pass  nozzle, 
with  Bj,  •  10  3i,  b  n  0.12  m,  and  <p~  45*.  These  characteristics  were  plotted 
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by  Eq.  (3^5)  for  two  craft  elevations  above  the  support  surface  (h/Dw  ■ 

0.01  and  0.0r>)  for  different  values  of  the  drag  coefficient  of  the 

flow-through  section  duets.  'Hie  drag  of  the  ducto  is  strongly  reflected 
in  the  overall  drag  of  the  network  ut  relatively  high  elevations  of  the 
craft  above  the  support  surface.  At  shallow  elevations,  the  contribution 
of  the  drag  introduced  by  tho  ducts  into  the  overall  drag  of  the  network 
becomes  less,  in  spite  of  the  fact  that  the  duct  drag  coefficients  are  of 
the  sane  value.  Ihis  is  accounted  for  by  the  increase  in  the  fraction  of 
the  drag  introduced  by  the  nozzle  installation,  ftie  curves  for  £ k  -  0 

correspond  to  the  case  when  the  network  drag  is  determined  only  by  the  drag 
of  the  nozzle  installation. 

The  network  characteristics  of  craft  with  sectionalized  nozzle  installa¬ 
tion  can  be  determined  in  sinilar  fashion.  To  do  this,  we  need  to  replace 
the  coefficient  $  appearing  in  Eq.  (354)  with  an  expression  for  it  as  the 
function  of  geometrical  parameters  of  the  nozzle  installation  and  its 
elevation  above  the  support  surface,  and  when  more  complicated  cases  are 
considered  —  also  as  a  function  of  the  heeling  and  pitching  angles. 


54.  Craft.  I/rag  Characteristics 

Let  us  find  the  relationship  between  craft  weight,  the  load-bearing 
properties  of  its  nozzle  installation,  and  the  drag  of  tho  flow-through 
section.  In  the  free  hovering  regime  the  craft  weight  can  be  expressed  in 

terms  of  the  total  pressure  ii  in  the  air  stream  in  front  of  the  nozzle 

c 

installation,  lift  coefficient  cy,  and  area  S  of  the  nozzle  installation, 
that  is, 

G  =  cJHc. 


The  pressure  11^  is  expended  in  forming  the  jets  producing  the  air 

cushion,  and  with  respect  to  the  craft  flow-through  section  is  completely 
lost,  that  is,  it  consists  of  the  drag  in  the  nozzle  installations 


Accordingly,  the  total  drag  of  the  flow-through  section  of  air  cushion 
vehicle  is 


or 


«  =  (C-hW~^- 


(356) 
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Replacing  the  lift  coefficient  c  by  its  dependence  on  the  geometrical 

y 

parameters  of  the  nozzle  installation,  elevation  h,  and  heeling  and  pitching 
angles,  we  will  have  the  characteristic  of  the  craft  drag,  represented  in 
the  form  H  -  f(w),  relating  the  craft  weight,  geometrical  parameters  of  the 
flow-through  section  including  the  nozzle  installation,  and  the  altitude 
[position]  of  the  craft  relative  to  the  support  surface. 

Thus,  for  a  single-puss  planfortn  round  nozzle  installation  with  flow¬ 
through  width  b  and  angle  of  generatrix  inclination  ^  -  45*  when  y-  0, 
the  lift  coefficient  is 


—  Ft  t  Sp, 


(357) 


where  F  is  the  relative  cut-off  area, 


F  =  h. 
r‘  s 


A__h _ L—\. 

'  0„  co*f  /• 


Li  is  the  relative  area  of  the  nozzle  installation  bottom  measured  with 
respect  to  the  inner  cd<je  of  the  nozzle  exit, 

s  -5-1- 

p  is  the  air  cushion  pressure  coefficient  determined  by  Eq.  (74). 

In  the  similar  way  wo  can  express  the  lift  coefficient  of  a  craft 
with  a  sectional ized  nozzle  installation  and  determine  itc  drag  characterise 
tics. 


Fig.  225  presents  the  drag  characteris  ics  of  an  air  cushion  vehicle 
at  different  elevations  h/D*  above  the  support  surface.  This  craft  haB  a 

single-pass  annular  nozzle  with  parameters  Dw-  10  m,  b  *  0.12  ra,  and 

45°,  and  flow-through  action  ducts  for  supplying  external  air  into 
the  nozzle.  The  duct  resistance  is  defined  by  the  coefficient  ■  0.5 

related  to  the  nozzle  flow-through  area.  These  craft  characteristics  are 

plotted  by  Eq.  (556),  with  the  use  of  Eq.  (557)* 

On  examining  Fig.  225,  «c  can  conclude  that  in  a  craft  resting  on  a 
support  surface  (h/fy  *  0),  the  discharge  of  air  from  the  no.zlc  installa¬ 
tion  is  impossible  until  the  pressure  beneath  it  H  ^C/S.  As  the  pressure 
beneath  the  craft  is  increased,  that  is,  as  H  ^C/3,  the  craft  rises  to 
3ome  elevation  h/D„.  To  sustain  the  craft  weighing  C  in  the  hovering 

regime  at  thin  elevation  we  must  expand  a  total  pressure  equal  to  the  sum 


of  the  pressure  H 


G/(c  S)  to  produce  the  necessary  lift  and  the  pressure 

v 
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to  overcome  the  drug  in  the  ducts  exerted  on  the  air  passing  throu^  them. 
For  this  particular  nozzle  installation,  a3  the  elevation  h  is  increased, 
the  lift  coefficient  c  becomes  continually  leo3,  therefore  the  required 

y 

pressure  ou3t  correspondingly  rise. 

The  drag  characteristics  of  the  craft  taken  oeparately  0^6),  as  well 
aa  the  m twork  characteristics  (354)  do  not  uniquely  determine  the  required 
pressures  and  air  volume  flows  to  raise  a  craft  of  a  given  weight  to  the 
specified  elevation,  since  the  drag  characteristics  of  the  cruft  do  not 
allow  for  the  pattern  of  variation  in  the  nozzle  installation  drag,  while 
the  network  '’haracteristics  do  not  allow  for  the  weight  of  the  craft  and 
the  load-btaring  properties  of  its  nozzle  installation. 


55.  Characteristics  of  Required  Pressures  and  Volume  Plows 


Let  us  find  the  characteristics  of  the  required  pressures  and  volume 
flows  of  air  needed  to  raise  a  craft  with  a  given  weight  to  a  specified 
elevation.  For  known  craft  weight,  geometrical  parameters  of  the  flow¬ 
through  section,  and  elevation  above  the  support  surface,  by  Eqs.  (554) 
and  (556)  the  air  volume  flow  is 


Q  = 


Vi  t-U 
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F 
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After  uncomplicated  transformations,  we  hove 

f358' 

Knowing  the  required  air  volume  flow,  it  is  not  difficult  to  determine 
the  required  total  pressure  needed  to  overcome  the  flow-through  section 
dragi 


=-£s  + 

+  &«T- tV  ~&)  * 

from  whence 

=  (359) 


Eqs.  (3‘>0)  and  (359)  allow  uo  to  determine  the  required  air  volume 
flow  and  total  pressure  that  must  be  provided  by  the  fan  installation  to 
overcome  the  drag  in  the  flow-through  section  and  to  raise  the  air  cushion 
vehicle  to  the  specified  elevation  h,  for  known  craft  weight  G  and  flow¬ 
through  section  geometry.  Thus,  by  plotting  on  the  graph  H  •  f(<0  the  points 
corresponding  to  the  values  of  4  and  H  calculated  by  £qs.  (356)  and  (359)» 
we  get  a  curve  that  io  the  characteristic  of  the  required  pressures  and 
volume  flown  with  reference  to  the  craft  weight  and  variation  in  its  eleva¬ 
tion  above  the  support  surface. 

This  same  characteristic  can  also  be  defined  as  the  geometrical  locus 
of  the  points  at  which  the  craft  characteristic  (356)  intersect  with  the 
drag  characteristics  of  its  network  (354),  for  the  appropriate  elevations 
h  of  the  craft  above  the  support  surface. 
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Fig.  226.  Graphical  determination 
of  required  pressure  H1  and  volume 

flow  W1  to  sustain  an  air  cushion 

vehicle  with  specified  geometrical 
parameters  and  weight  ut  an  assumed 
elevation  h1 i 

1  —  craft  characteristics 

2  —  network  characteristics 

3  —  function  „  ;  -£-(JL|J 


Fig.  227 •  Graphical  determination 
of  required  pressures  and  air  volume 
flows  for  an  air  cushion  vehicle  whan 

rk-o. 

1  —  craft  characteristics 

2  —  characteristics  of  required 

H  and  W 

c 

3  —  network  characteristics 


The  determination  of  the  point  characterizing  the  required  pressure 
Rj  and  the  air  volume  flow  ^  for  the  specified  elevation  h^ ,  by  super** 

imposing  the  craft  characteristic  on  its  network  characteristic,  is  clarified 
in  Fig.  226.  Fig.  22 7  presents  the  construction  of  the  characteristic  of 
the  required  pressure  and  air  volume  flows  for  a  craft  having  a  specified 
weight  and  specified  geometry  of  the  nozzle  installation  in  the  particular 
case  when  the  drag  of  the  flow-through  section  ducts  is  equal  to  zero 
(^k  “  0)*  Fir*  220  £ive!J  the  construction  of  the  analogous  characteristic 

for  the  general  case  when  £^>>0.  To  each  point  of  these  characteristics 

there  corresponds  a  opecific  elevation  h  of  the  craft  above  the  support 
surface. 
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Fig.  ?28.  Graphical  determination 
of  required  pressures  and  air  volume 
flows  for  air  cushion  vehicle  when 

rk>o, 

1  —  craft  characteristics 

2  ~  charac  ter  is)  tics  of  required 

li  and  w. 

3  —  network  characteristics 


turn  Oh’/oh 

Pig.  229.  Characteristics  of 
required  pressure  and  air  volume 
flown  of  an  air  cushion  vehicle 
with  single-pass  annular  nozzle 
(D  ■  10  D|  b  -  0.12  mj  <p  ■  43*1 
Ck  -  0.3) 

KiJYi  A  —  k^/m2 

B  —  kg 

C  —  rn^/sec 


We  craft  weight  .strongly  affects  the  characteristics  of  the  required 
pressures  and  air  volume-  flows.  As  an  example,  Pig.  229  presents  the 
characteristics  of  the  required  pressure  and  volume  flows  for  an  air 
cushion  vehicle  of  different  weights,  with  the  same  single-pass  annular 
nozzle  having  the  parameters  Dw  ■  10  m,  b  ■  0.12  m,  and  <p*  43*»  The 

drag  coefficient  of  the  flow-through  section  ducts  over  the  area  from  the 
fan  to  the  inlet  into  the  no/.zle  installation,  given  with  respect  to  the 
nozzle  flow-through  area,  £  ^  «=  Q.% 

To  get  these  characteristics,  by  assigning  various  values  to  the  craft 
elevation  h,  we  determine  the  coefficient  of  the  nozzle  installation  drag 
C,  the  coefficient  p  of  air  cushion  pressure,  and  the  lift  coefficient  c 

y 

by  Eqs.  (70),  (74),  and  (337),  respectively.  Then,  by  using  these  values, 
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we  calculate  by  Eqs.  (3^©)  and  (559)  the  required  air  volume  flows  4  and 
the  total  pressures  H  to  sustain  a  craft  with  Given  weight  at  the  elevations 
h  assumed  in  the  calculation.  In  addition  to  the  functions  H  ■  f(u)  thus 
derived,  Fig.  229  also  presents  the  network  drag  characteristics  calculated 
by  Eq.  (555)  for  various  craft  elevations  above  the  support  surface* 

Let  us  examine  the  characteristic  H  ■  f(4)  for  a  constant-weight 
craft.  An  the  pressure  in  the  flow-through  section  is  varied  from  0  is 
U  ■  c/o,  the  craft  remains  Immobile  on  the  support  surface  (h  ■  0).  When 
H  ■  G/S,  a  critical  state  sets  in  —  the  craft  touches  down.  In  this  caso 
all  of  the  craft  weight  is  transmitted  to  the  support  surfaoe  via  the  air 
cuohion,  since  the  elevation  still  romains  equal  to  zero ,  the  discharge  of 
air  from  beneath  the  craft  is  absent  (4  ■  0).  When  H^G/S,  the  craft 
lifts  from  the  support  surface  and  enters  the  free  hovering  regime,  rising 
to  some  elevation  h.  To  increase  the  elevation,  it  is  required  to  increase 
not  only  the  total  pressure  H,  but  also  the  air  volume  flow  4  regardless 
of  the  fact  that  the  load  per  unit  noz/le  installation  area  remains  cons¬ 
tant.  Thin  is  because  as  the  elevation  h  is  increased,  the  lift  coefficient 
c  is  reduced,  that  is,  the  load-bearing  ability  of  the  nozzle  installation 
becomes  smaller.  The  rise  in  the  craft  weight  leads  to  a  rise  both  in  the 
required  pressure  as  well  as  in  the  required  air  volume  flow  to  sustain 
the  craft  at  a  specified  elevation  h. 

In  actual  conditions  wh»'n  an  air  cushion  vehicle  is  on  uneven  soil, 
the  exit  od'jos  of  it3  nozzle  installation  do  not  lie  tightly  against  the 
support  aurfncc.  The  different  kinds  of  depressions  and  projections  on 
thin  support  surface,  as  well  ar.  the  deflections  of  the  exit  nozzle  edges 
from  the  bottom  piano  caused  by  the  imperfection  of  craft  manufacture, 
and  some  elastic  deformation  of  its  housing  and  the  nozzle  installation 
under  its  own  wei/dit  produce  gaps  between  the  exit  edges  of  the  nozzle 
installation  and  the  support  surface  through  which  air  supplied  to  produce 
the  air  cushion  can  exit  outward  even  when  the  craft  rests  on  the  ground. 

In  these  conditions,  the  dischur/;e  of  air  from  beneath  the  craft 
begins  simultaneously  with  the  rise  in  pressure  in  the  flow-through  section 
and  occurs  for  operating  regimes  of  the  fan  installation,  that  is,  not 
only  when  the  oraft  is  hovering  freoly  above  the  support  surface,  but  even 
when  the  craft  rests  on  the  ground. 


If  we  evaluate  the  height  of  the  gaps  by  3ome  arbitrary  value  and 
assume  that  the  pressure  looses  therein  vary  in  proportion  to  the  square 
of  the  di 'charge  velocity,  in  this  case  the  network  drag  //  {,)  £-(-^  y 

or  when  applied  to  a  craft  with  a  single-pass  annular  nozzle, 


H  =  if  >lnH)  ,  r  j  |.  /  Q  \» 

|  |  _  t  ■  *  *•  (i4i*n !*  •"j  2  \  F  )  * 
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whore  S  ^  in  the  drag  coefficient  of  the  nozzle  installation  on  a  support 
surface  given  the  presence  of  a  gap  with  height  h^. 

The  characteristic  of  required  pressures  anu  air  volume  flows  in 
the  coordinates  li  and  U  in  this  case  is  defined  hy  the  broken  line  shown 
in  Pig.  ?30.  The  section  0-1  of  the  curve  calculated  by  Eq.  ( 360)  charac¬ 
terizes  the  roquixod  H  and  Q  for  the  cu3e  when  the  craft  rests  on  the 
ground.  The  section  1-2  of  the  curve  calculated  by  Eqo.  (3>8)  and  (339) 
corresponds  to  the  craft  hovering  regime  over  a  support  surface.  The 
point  1  of  intersection  of  the  curves  characterizes  th~  transitional 
regime  in  which  the  craft  lifts  off  on  the  support  surface  and  enters  thf  free 
hovering  regime. 

The  similar  pattern  of  variation  in  the  required  pressures  and  volume 
flows,  but  more  strongly  pronounced,  occurs  for  air  cuohion  vehicles  in 
which  the  exit  edges  of  individual  sections  of  the  nozzle  installation  are 
above  its  sections  that  simultaneously  fulfill  the  functions  of  support 
devices,  such  as  for  example,  in  craft  with  elevated  bow  and  stern  nozzles. 

Characteristics  of  required  preesuren  and  volume  flows  make  it  possible 
tc  graphically  represent  the  relationship  between  craft  weight,  geometrical 
parameters  of  nozzle  installation  and  flow-through  section,  and  also  the 
aerodynamic  parameters  of  the  air  stream  producing  the  air  cushion  and  the 
elevation  of  the  craft  above  the  support  surface. 
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Pi tr.  2^0.  Characteristics  of 
required  pressures  and  air  volume 
flows  for  an  air  cushion  vehicle 
with  aintfle-pass  annular  nozzle, 
when  the  clearance  between  the 
nozzle  cdce3  and  the  support  surface 
is  hn  (G  -  8000  ktfj  D,  -  10  mt 

b  -  0.1?  m;  4t>*5  Ck  - 
hQ  -  0.0?5  m) 

KiiY:  A  —  ke/m* 

B  —  mVBCC 


CHAPTER  TEN 

EFFECT  OF  OPERATING  REGIME  OF  FAN  INSTALLATION 
ON  AIR  CUSHION  CHARACTERISTICS 


Let  uj  examine  the  effect  that  the  operating  regime  of  a  fan  installa¬ 
tion  has  on  the  aerodynamic  and  power  characteristics  of  an  air  cushion 
vehicle  wmn  the  craft  in  freely  hovering  above  the  support  surface .  This 
influence  can  be  shown  in  convenient  and  graphic  form  by  using  the  charac- 
teristien  of  the  required  pressures  and  air  volume  flows  for  an  air  cushion 
vehicle  for  specified  geometrical  parameters  and  weight  and  specified  aero¬ 
dynamic  ohnructeriatics  of  the  fan.  By  superimposing  the  characteristics  of 
craft  prossuresand  air  volume  flows  [H  -  over  the  fan  characteristics, 

we  can  select  the  optimal  fan  installation,  evaluate  the  possible  fan 
operating  regimes  in  the  craft,  and  select  the  rational  method  of  regulation. 
Then  wo  an  follow  the  variation  in  the  attitude  [position]  of  the  craft 
above  the  support  surfaces  by  varying  the  method  of  fan  operation  or  the 
parameters  of  the  craft  flow-through  section. 


56.  Effect  of  Fan  rpn  on  Craft.  Characteristics 

Wc  will  assume  the  geometrical  parameters  of  a  croft,  that  is,  the 
shape  and  size  of  its  nozzle  installation  and  its  flow-through  section  to 
be  specified,  and  the  type,  dimensions,  and  characteristics  of  the  fan 
installed  on  the  craft  to  be  known.  Suppose  a  craft  with  weight  G  -  8000  kg 
has  a  nozzle  installation  made  in  the  form  of  a  single-pass  annular  nozzle, 
with  diameter  DH  -  10  m,  flow-through  width  b  -  0.12  m,  and  angle  of  nozzle 

generatrix  inclination  ^  ■  4*)".  The  drag  coefficient  of  the  flow-through 
section  ducts  ■  0.%  A  model  K-06  T3AGI  axial  fan  i3  installed  on  the 

craft,  with  a  wheel  having  the  diameter  Dg  ■  3.0  m,  with  number  of  blades 

/.  -  12,  and  with  blade  angle  $ ^  -  20*. 

Let  us  use  Eqs.  (359)  and  (356)  and  determine  the  characteristic  of 
required  air  pressures  and  volume  flows  for  this  cruft  (Fig.  231).  Speci¬ 
fying  various  values  for  the  craft  elevation  h,  by  Lqs.  (78),  (74),  and 
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Fig.  ?}1 .  fc»f  feet  of  fan  annular 
velocity  on  air  cushion  vehicle 
characteristics  (G  ■  8000  kgj 
D  .  IQ  n;  b  ■  0.12  m;  f  -  45*; 

<*k  -  0.‘> ;  Dr  -  )  mj  z  -  12* 

dk  -  20*) 

KiiYi  A  —  kg/m2 
E  —  rpm 

C  —  iJ/bvc 


(357)  wc  determine  the  coefficients  ,  p,  and  c^.  Then  by  r«qs.  ( J559 )  an^ 

(358)  wc  calculate,  respectively,  the  required  air  pressures  H  and  volume 
flows  v  tc  contain  a  craft  havine  a  given  weight  at  the  elevations  h  assumed 
in  all  calculations. 

Further,  let  us  use  the  dimensionless  aerodynamic  characteristic  of 
the  fan  1)  -  f(£<)  shown  in  th**  form  of  the  curve  coinciding  with  the  dimen¬ 
sional  characteristic  when  n  -  AbO  rpm,  and  the  expressions  for  the  pressure 
coefficient  and  the  capacity  coefficient! 


(361) 

(362) 
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where  u  is  the  tip  velocity  of  the  outer  radius  of  the  fan  wheel,  u  ■ 
(AD^n/60);  is  the  fan  wheel  area,  is  the  diameter  of 

the  fan  wheel;  and  n  is  the  wheel  rpm. 

Then,  let  us  determine  the  dimensional  characteristics  of  the  fan  for 
different  rpm  values  n  of  its  wheel  and  let  us  plot  these  characteristics 
on  the  characteristic  of  the  required  craft  pressures  and  air  volume  flows. 
Let  us  also  plot  the  characteristics  of  network  resistance  for  different 
elevations  h/Dw  of  the  craft  above  the  support  surface  calculated  hy 
Eq.  (554). 

The  points  at  which  the  fan  characteristics  intersect  with  the  charac- 
teristic  of  the  required  pressures  and  air  volume  flows  will  also  be  the 
working  points  determining  the  fan  operation  in  the  craft  with  specified 
parameters  and  weight  for  the  corresponding  elevation  h/Dw  of  the  craft 

above  the  support  surface. 

Fig.  251  shows  that  for  small  fan  rpm  when  the  total  pressure  builds 
up  by  the  fan  and  transmitted  via  the  flow-through  section  underneath  the 
craft  in  still  inadequate  to  produce  the  required  lift,  that  i3,  when 

C/S,  the  craft  rests  on  the  support  surface  (h  ■  0).  With  increase  in 
fan  rpm,  the  pressure  beneath  the  cruft  rises,  and  for  some  critical  value 
of  fan  rpm  (n.  -  575  rpm  [kp  -  critical])  the  moment  iu  reached  when  the 

Kp 

entire  craft  weight  in  transmitted  to  the  soil  via  the  air  cushion.  To 
this  corresponds  the  total  pressure  value  li  •  C/l>.  With  further  rise  in 
the  fan  rpm,  the  craft  lift3  from  the  support  surface  and  rises  to  Borne 
elevation  h  determined  by  the  amount  of  air  fed  into  the  flow-through 
section  and  by  the  corresponding  pressure  buildup  by  the  fan  in  the  flow- 
thr  ugh  section.  We  must  remember  that  up  to  the  moment  of  cruft  liftoff 
from  the  ground  c  ■  1,  hut  after  liftoff  c  /  1 . 

y  y 

In  addition,  it  in  quite  clear  that  with  increase  in  fan  rpm  in  the 

range  from  n  «  fl  to  n  ■  n,  ,  the  working  point  shifts  from  the  extreme 

Kp 

left  poir  t  of  the  fan  characteristic,  and  then  with  further  ri3e  in  the 
rpm  it  shifts  along  the  fan  characteristic  downward,  passing  all  of  its 
points  lying  in  the  range  from  l;  ■  0  to  ^  —  the  air  volume  flow  corres¬ 
ponding  to  the  particular  fan  rpm. 

Variation  in  craft  rpm  and  craft  aerodynamic  parameters!  as  typical 
llinctions  of  fun  rpm,  with  constant  craft  weight,  are  shown  in  Fig.  2}2. 
These  fun  :tionn  were  plotted  from  data  determined  by  the  working  points  of 
the  curves  shown  in  Fig.  2J1. 
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Fig.  2}2.  Klevation  of  air  cushion 
vehicle  and  its  aerodynamic  characteristics 
as  functions  of  fan  angular  velocity* 

A  —  craft  on  ground 
B  —  craft  in  free  hovering  regime 
K>;Y:  A.  ~  kg/m2 

—  m^/sec 

C  —  rpm 


The  section  of  the  total  pressure  curve  H  lying  between  the  points  0 
and  1  correspondn  to  the  case  when  the  craft  rests  on  the  bottom,  and  the 
edges  of  its  nozzle  installation  fit  tightly  against  the  support  surface. 
The  total  pressure  over  the  section  in 


H 


where  is  the  total  pressure  generated  by  the  fan  at  fan  wheel  rpm 


n^  -  37$  rpm. 


The  section  of  the  curve  H  *  f(n)  lying  to  the  right  of  point  1  and 
corresponding  to  the  valuer  n  ^>375  rpm  characterizes  the  regime  of  craft 
free  hovering  above  the  support  surface.  The  pattern  of  variation  in  the 
air  volume  flow  elevation  h/fy,  and  drag  coefficient  C  of  the  nozzle 
installation  as  functions  of  fan  rpm  n  is  determined  by  *the  corresponding 
curves  shown  in  thin  same  figure. 
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In  actual  conditions  when  an  air  cushion  vehicle  is  on  uneven  ground, 
clearances  of  various  heights  are  formed.  In  this  situation,  the  discharge 
of  air  from  beneath  the  craft  begins  simultaneously  with  the  pressure  rise 
in  the  craft  flow-through  section  and  beneath  tho  craft  caused  by  the 
operating  fan.  These  clearances  can  be  estimated  roughly  by  the  elevation 
h^,  and  the  drag  coefficient  nan  be  expressed  as 


If  we  assume  that  h^D^  ■  0.002b,  the  dependence  of  total  pressure  H 

and  air  volume  flow  on  fan  rpm  h  when  the  craft  is  on  the  ,'^round  will 
have  the  form  of  curves  0-2  (of.  Pigs.  2}1  and  2)2).  The  critical  value 
of  the  fan  wheel  rpm  in  this  case  is  n'  ■  440  rpm.  Over  the  range  of  fan 

Kp 

wheel  rpm  values  from  n  ■  0  to  n  «  nl  ■  440  rpm,  the  air  volume  flow  is 

Kp 


Pig.  2J5*  Required  and  expended 
power  as  functions  of  air  supplied 
to  flow-through  section  of  craft, 
determined  by  fan  angular  velocity 
KEY i  A  —  hp 

B  —  m^/scc 
C  —  rpm 
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where  14.  ie  the  air  volume  flow  when  n'  =  440  rpm. 

Kp  Kp 

Let  us  trace  the  power  outlays  as  a  function  of  changes  in  fan  operating 
regime  in  1 t*  flow-through  section  of  the  craft  defined  by  the  working  points 
lying  at  the  in ter sections  of  fan  characteristics  with  the  characteristic 
of  required  pressuren  and  air  volume  flows.  In  Fig._2$}  we  plotted  the 
dimension] ens  characteristics  of  the  expended  power  N  •  f^(U)»  and  also 

the  fan  <  fficiency  *  ,  required  power  N  ,  expended  power  K  ,  and  the  ratio 

*  n  c 

h/\  as  functions  of  air  volume  flow.  These  power  values  are  defined  by 
the  following  expressions! 


N 


~''K ,  and  u  -£■ 

i-v;  "  ^ 


where  Nj  is  the  expended  power  corresponding  to  the  power  measured  on  the 

balancing  stand  when  the  fan  characteristic  was  recorded}  u  is  the  tip 
velocity  at  the  outer  radius  of  the  fan  wheel}  H  is  the  total  pressure 
built  up  by  the  fan  in  the  craft  flow-through  section}  and  i*  la  the  fan 
capacity. 


As  tie  fun  angular  velocity  n  i3  reduced,  that  is,  in  the  transition 
from  the  calculated  regimes  (corresponding  to  the  maximum  efficiency  or 
near-maximum  efficiency)  to  the  regimes  with  low  craft  hovering  height 
above  the  support  surface,  the  expended  power  with  respect  to  the  required 
power  rise:-  markedly.  This  in  accounted  for  by  the  specific  characteristic 
of  required  pressures  and  air  volume  flnws  intrinsic  to  air  cushion  vehicles, 
which  result  —  as  the  fan  rpn  is  reduced  *—  to  the  shifting  of  the  working 
point  upward  along  the  fan  characteristic  in  the  region  of  low  efficiencies. 


Therefore,  the  method  of  varying  the  craft  elevation  above  the  support 
surface  that  in  based  on  regulating  the  fan  operating  regime  by  varying  its 
wheel  rpn  ever  a  wide  range  is  energetically  nonoptiaal.  3y  this  method 
of  regulation,  prolonged  operation  of  the  fan  in  the  nondesigned  regimes 
at  low  elevations  i3  inexpedient  from  the  standpoint  of  fuel  economy. 


Another  important  factor  that  must  be  remembered  when  selecting  the 
axial  fan  for  an  air  cushion  vehicle  relates  to  the  shifting  of  the  working 
point  along  the  fan  characteristic  over  the  entire  section  from  <4  ■  0  to 
the  design  value  *  no  the  rpm  is  varied.  To  reduce  fan  size,  axial  fans 
with  large  blade  placement  angles  are  used.  With  these  blade  angles,  the 
characteristics  of  axial  fans  have  a  trough  or  even  discontinuities  in  the 
low-capacity  section.  When  a  craft  enters  the  free  hovering  regime,  the 
working  point  always  passes  through  the  zone  of  this  trough  and  extremely 
undesirable  unstable  fan  operating  regimes  in  the  network  are  possible. 


350 


lid 


Fig.  2^4.  Graphical  determination 
of  the  effect  of  an  angular  velocity 
on  atability  of  fan  operation  in  an 
air  cushion  vehicle t 
1  —  fan  characteristics 
7  —  characteristic  of  required 
H  and  W 
KEY  j  A  —  rpr 

B  —  m^/sec 

C  —  kg/m2 


Typical  characteristics  cf  an  axial  fan  with  large  blade  placement 
an,;.1  e  for  different  whorl  rprte  are  shown  in  Fig.254,  where  the  character* 
istic  of  th<  required  pressures  and  air  volume  flows  of  an  air  cushion 
vehicle  is  plotted.  As  we  can  see,  for  both  small  as  well  us  large  fan 
rpris  the  working  points  lie  on  the  steeply-dropping  branches  of  the  fan 
characteristic,  to  which  corresponds  the  completely  stable  fan  performance 
in  the  flow-through  section  of  the  craft.  At  moderate  angular  velocity 
lying  in  the  range  600-690  rpm,  the  characteristic  of  required  pressures 
and  air  volume  flows  of  the  craft  and  the  fan  characteristics  intersect  in 
the  trough  section,  where  there  is  an  abrupt  variation  in  the  fan 
operating  regime i  the  air  supplied  into  the  flow-through  section  of  the 
craft  and  the  craft  elevation  above  the  support  surface  changes  in  jumps. 
Here  the  critical  angular  velocity  at  which  an  abrupt  variation  in  the  fan 
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Fig.  23  b.  riffle t  of  changes  in  fan  angular 
velocity  in  an  air  cushion  vehicle  on  the 
transition  of  the  working  point  through  the 
zone  of  ins  table  performance i 
a  unit  b  —  with  increase  und  decrease  in 
an<;u]ar  velocity,  respectively 
KrIYi  A  —  k  g/m9 

B  — 

C  —  rpm 

D  —  m9/ncc 


operating  region  sots  in  depends  on  the  method  by  which  the  working  point 
is  approached  toward  the  /.one  of  unstable  fan  operation. 

Two  representative  cases  of  the  tronsition  of  the  working  points  through 
the  /one  of  unstable  fan  operation  are  shown  in  Fig.  23b»  a  and  b.  In  the 
first  case,  -haracteri  ed  by  a  gradual  rise  in  the  angular  velocity,  the 
critical  velocity  sets  in  when  *  692  rpm.  Even  the  alight  rise  in  the 

angular  velocity  compared  with  the  critical  results  in  the  working  point  1 
shifting  dir.continuously  along  the  right  steeply-dropping  branch  of  the  fan 
characteristic  to  point  2,  the  uir  volume  flow  rising  diocontinuously  from 
32  to  66  m3/sec,  and  the  elevation  of  the  craft  above  the  support  surface 
rising  similarly  from  0.04b  to  0.10b  m.  With  further  increase  in  tho  angular 
velocity,  the  working  joint  shifts  downward  along  the  right  branch  of  the 
characteristic  an  the  fan  operates  quite  stably. 


In  the  second  cane  characterized  by  a  gradual  decrease  in  the  angular 
fan  wheel  velocity,  the  critical  velocity  aets  in  when  n^  »  595  rpnu  A 

slight  drop  in  the  angular  velocity  compared  with  the  critical  value  also 
causes  a  discontinuous  transition  of  the  working  point  to  the  other  steeply* 
falling  branch  of  the  fan  characteristic.  In  this  case  the  air  volume  flow 
decreases  discontinuously  from  44  to  16  m3/sec,  while  the  craft  descends 
from  the  elevations  0.06/J  to  0.022  m. 

These  transitions  of  the  working  points  through  the  zone  of  unstable 
fan  operation  as  the  fun  wheel  angular  velocity  is  varied  can  lead  to  large 
aerodynamic  loads  on  the  fan  wheel  and  even  to  its  breakdown.  Impacts  of 
the  craft  against  the  ground  are  possible,  for  example,  when  the  fan  angular 
velocity  is  reduced  and  in  the  transition  from  the  working  point  2  to  the 
working  point  1,  when  the  craft  passes  through  the  elevation  h  -  0.022  m 
and  drops  to  h  «  0  under  the  effect  of  the  inertial  forceo  induced  as  the 
craft  drops  from  the  elevution  h  •  0.064  m. 

Employing  special  antijurge  devices  in  the  fan,  the  trough  in  the  fan 
charHcto-  istic  can  be  reduced  or  even  completely  eliminated  and  the  fun 
operatic  cun  be  nude  stable  even  when  using  the  method  of  regulation  baaed 
on  varying  the  angular  velocity  of  the  fan  wheel. 


57.  Variation  in  Fan  Characteristics  by  Throttling  the  Air  Gtroam  in  the 
Flow-Through  Section 

One  of  the  simplest,  dcsignwine,  methods  of  varying  the  characteristics 
of  an  uir  '-unhion  vehicle  by  varying  the  operating  rc^  .me  or  it3  fan  instal¬ 
lation  in  tin-  technique  of  throttling  the  air  stream  in  the  craft  flow¬ 
through  section.  With  this  technique,  a  throttling  unit  comprised  of 
swivel  d  »  iferr, ,  bufflou,  diaphragms,  and  so  on  is  inBtulled  in  the  duct  of 
the  flow-through  section,  is  put  in  its  narrow  cross-section.  by  varying 
smoothly  the  ouct  f low-through  cross-section  and  thus  producing  additional 
drag,  the  amount  of  air  passing  through  the  craft  flow-through  section  can 
be  regulated.  Here  an  effort  is  made  to  install  the  throttle  unit  at  a 
sufficient  distance  from  the  noz;.le  installation  in  crier  thut  the  pertur¬ 
bations  in  the  air  stream  moused  by  the  throttling  unit  can  be  damped  along 
the  path  to  the  no;  installation  and  not  have  a  detrimental  aerodynamic 
effect  on  the  latter  (degrading  the  uniformity  of  air  distribution  as  the 
nozzle  installatior  is  approached). 

The  aerodynamic  !rag  produced  by  the  throttle  unit  is 


where  £  in  the  drag  coefficient  of  th '  throttle  unit  related  to  the  repre¬ 
sentative  duct  cross-section;  C  *  in  th  >  drag  coefficient  of  the  throttle 

a 

unit  related  to  the  f low-throu/tfi  area  of  the  nozzle  installation;  in  tho 

air  velocity  in  the  representative  duct  cross-section;  1^  in  the  area  of 

the  representative  duet  cross-section;  und  F  is  tho  exit  area  of  the  nozzle 
installation. 


The  value  of  the  coefficient  appearing  in  thin  expression  ia 

determined  by  the  decree  of  throttle  opening  and  for  convenience  in  analysis 
can  be  reprenented  ao  the  function  ^  -  f(/),  where  $  is  the  angle  by 

which  the  throttle  dumper  ia  rotated  or  else  the  value  of  the  acalo  division 
characterizing  the  displacement  of  the  damper.  In  this  case  the  total  drag 
in  the  flow-through  section  in 

»-*<£  +  {.  +  ti)  t (  ?-)'  •  «“»> 

and  the  craft  characterintic  in 

//=.-,  f  (>  y.  (^i) 


Solving  jointly  r/jc.  (}6})  und  (5M)i  we  derive  the  formulas  for  the 
required  si*-  volume  flow 


and  for  the  required  pressure 


JT 

r  r  c,,* 


(365) 


H  = 


;  1  C,  r G 


c„S  ' 


In  these  formulas  the  lift 


coefficient  o 

y 


and  tho  drag  coefficient  £  of 


tho  nozzle  ins tails  tier  depend  on  the  geometrical  parameters  of  the  nozzle 
installation  and  i tn  elevation  h  above  the  nupport  surface.  Ihe  drag  coeffi¬ 
cient  of  the  flow-through  section  duets  for  specified  geometrical  para¬ 


meters  in  a  onntant,  while  the  drag  coefficient  O  of  the  throttle  unit 

0 

Ip  a  variable,  dependent  on  the  opening  of  the  throttle  damper  and  is 
characterized,  for  example,  by  itn  angular  displacement  S  .  The  drag 
produred  by  the  throttle  unit,  by  increasing  the  drag  of  the  flow-through 
nection,  does  not  vary  the  drag  of  the  nozzle  installation. 


The-  characteristic  oi  the  required  pressures  and  volume  flows  corres¬ 
ponding  to  the  different  angles  of  throttle  damper  opening  (Fig.  2}6)  was 
determined  by  iiqn.  ('6/,)  und  (}6S)  in  the  following  ordor.  Assigning 


Fig.  <';(>.  uffcct  of  throttling 
of  air  at ream  in  f low-through 
section  or.  air  cushion  vehicle 
characteristics  (G  ■  rtOOO  kgj 
10  m;  b  -  0.12  mj  4‘)*» 

"  O.h;  -  3  m) 

KEY i  A  —  kg/m2 
B  —  rpra 

C  —  n?/aec 


Fig*  237.  Kcquired  and  expended 
power  as  functions  of  air  supplied 
to  the  flow-through  section  of 
craft,  determined  by  the  closure 
of  throttle 
KEY i  A  —  hp 

B  —  m'/oec 


various  values  to  the  craft  elevation  h,  the  coefficients  £  and  c  were 

determined.  Then,  by  using  the  values  found,  the  required  air  volume  flow 
•t  and  total  pressure  H  were  found  for  different  values  of  the  coefficient 
/'  of  the  throttle  unit  determined  by  the  angle  £  of  it3  opening. 

Fig.  ?>(>  also  presents  the  characteristic  of  the  TsAGl  KH)6  axial  fan 
equipped  with  u  wheel  having  the  diameter  Dg  -  3.0  m,  with  number  of  blades 
•  -  12,  and  ungle  of  blade  placement  -  20°,  for  constant  whoel  angular 

velocity  n  »  *>*»0  rpm. 


When  the  throttle  damper  was  completely  open  Sq  ■  0,  to  which 
corresponds  *  0,  the  fan  supplien  into  the  network  air  in  the  amount 
at  total  pressure  il^.  To  thin  case  there  corresponds  the  maximum  craft 


y/> 


elevation  tbove  the  support  surface  for  a  specified  fan  rpm.  With 

increasing  closing  of  the  damper,  that  is,  in  the  transition  from  to 

other  val ?c  of  S  ,  the  drag  in  the  flow-through  section  rises  and  the  fan 
feeds  a  smaller  amount  of  air  at  n  greater  total  pressure.  Thus,  when  the 
throttle  damper  is  in  tho  position  £, ,  the  fan  supplies  into  the  network 

air  in  the  amount  k  j  at  total  pressure  Hj.  Corresponding  to  this  damper 

position  in  th<-  craft  elevation  hj  .  Further  closing  of  tho  danper  leads 

to  a  gradual  drop  in  the  craft  elevation.  Here  the  working  point  is  defined 
by  the  intersection  of  the  fan  characteristic  with  the  characteristic  of 
the  required  pressures  and  volume  flows,  uniquely  related  to  the  network 
characteristic. 

The  required  and  expended  N ,  power  as  functions  of  air  volume 

flow  4,  for  a  different  opening  of  tho  throttle  damper  characterized  by 
the  drag  coefficient  Q  of  the  throttle  unit,  are  shown  in  Fig.  2J7»  Here 

also  arc  plotted  the  functions  Nj/N^  ■  f^k),  and  efficiency  f^tk), 

and  craft  elevation  above  the  nupport  surface  h  ■  f^(k).  The  power  was 

determine*!  via  the  formulas 


■V. 


HQ 


ana 


A', 


A  I-1/. 
75 


where  II  and  •  we re  taken  from  the  curves  (in  Fig.  2.J6),  and  N  —  from  the 
curve  ^in  Fig.  '•'$!)  for  th<  corresponding  values  of  the  discharge  coeffi¬ 
cient  related  to  tin  air  volume  flow  .t  by  tlq.  (}6?). 


*it I.  if. '-reusing  rlojting  of  the  throttle  damper  leading:  to  u  gradual 
drop  in  t.h*>  raft  hovering  hej/'t)*  h  (of.  Fig.  2J7)  ubove  tho  support  surface, 
the  expended  power  Nj  at  fire?  decreases  somewhat,  but  then  with  further 
increase  ir  th.  hovering  height  rises  rapidly  and  becomes  /greater  than 
the  power  c  <  pended  that  the  maximum  hovering  height  corresponding  to  total 
opening  -  •'  the  trrottle  damp*  r  v/hen  the  required  pressure  in  at  its  maximum. 

Ry  'mparing  th<  functions  S  «  fj(k)  and  Kj  ■  (*■<),  we  oan  conclude 

that  the  method  of  varying  -raft  characteristics  by  throttling  the  air 
stream  in  tr «  flow-through  section  is  energetical ly  extremely  disadvantageous, 
since  it  involve?  a  lurge  nonproductive  outlay  of  power  in  overcoming  the 
addition.  " rug  pr<*lu  by  the  throttle  unit. 


■>0.  Varying  the  Craft  Characteristic!)  by  Regulating  the  idin  Ctator 


Ur?e  -  f  the  poscinle  methods  of  extensively  varying  the  fan  aerodynamic 
harueteri  it,  i  s  is  the  technique  based  on  varying  the  vane  angle  placement 
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Fig.  2)8.  Variation  in  air  cushion 
vehicle  characteristics  caused  by 
regulating  fan  guide  unit  (G  -  0000  kg} 

D  “  10  m }  b  -  0.12  mj  ^  ■  45*1  ■  0.5} 

1)^  •  )  mi  n  «  522  rpmj  u  ■  50.6  m/sec) 


A  —  kg/m^ 
B  —  m^/aet 


of  tho  nt.it or  by  rotating  th>  vJiner..  *ith  thin  regulation,  the  turning 
rate  of  tie  stream  a :i  it  enters  tho  impel  1>  r  is  varied,  which  for  a  given 
•a  parity  diangen  the  theoretical  pressure  of  the  fun  and  the  pressure 
loaner  in  it.  In  n  properly  deoiled  fun  with  atntor,  it  in  possible  to 
achieve  a  very  broad  zone  of  pressure  and  fulling  flow  regulation  for 
extremely  high  fan  efficiencies.  This  method  of  regulation  is  quite  simple 
to  execute  in  design. 

l/*t  u.:  examine  the  possibilities  of  using  the  vane  stator  as  a  device 
for  regulating  the  hovering  regime  of  an  uir  cushion  vehicle  above  a 
support  urface.  Lot  us  assume  that  u  craft  with  weight  G  •  8000  kg  has 
n  singlo-paus  no/.v.l e  installation  with  diameter  ••  10  m,  nozzle  flow¬ 
through  width  b  -  0 . " m,  and  angle  of  ^Tcnerutrix  inclination  45*.  The 
drag  coefficient  of  tho  flow-through  section  ducts  extending  from  the  fan 
outlet  to  the  irlet  into  the  nozzle  installation  will  be  taken  an  -  0.5 

lx-t  us  determine  uno  plot  in  the  coordinates  H  and  the  characteristic  of 
required  total  pressures  and  air  volume  flows  for  thiji  craft  (Fig.  250). 


Let  ue  assume  that  the  TsAGI  K-70  meridional  fan  with  stator  [9] 

permitting  the  vane  placement  angle  this  stator  to  be  varied  within  the 

range  ^0U.  <■  *60  -  30*  io  installed  in  the  craft.  We  take  as  the  design 
HA 

elevation  of  the  craft  above  the  support  surface  in  the  free  hovering 
regime  to  be  h  ■  0.2  m.  To  this  elevation  there  corresponds  the  pressure 
H  •  139  kg/tn£  and  the  air  volume  flow  4  ■  100  m3/aec. 

Using  the  dimensionless  aerodynamic  characteristics  of  the  fan,  let 
us  determine  from  these  design  data  the  fan  dimensions  and  its  rpm,  assuming 
that  the  fan  in  an  air  cuohion  vehicle  must  operate  at  the  maxima  possible 
efficiency  (for  the  K-70  fan,  m  0*®75  when  B  ■  0.44  and  5  ■  0.28). 

The  assumed  conditions  are  satisfied  by  a  fan  with  diameter  -  3  m,  with 

angular  velocity  n  -  322  rpm,  and  arbitrary  vane  placement  angle  in  the 
stator  -  -11  *. 

Using  the  familiar  conversion  formulas,  let  us  determine  for  this  case 
the  dimensional  characteristics  of  the  fan  and  plot  among  the  characteristic 
of  pressures  and  volume  flows  of  an  air  cushion  vohicle.  Here  slso  we  plot 
the  network  characteristics  corresponding  to  the  representative  elevations  h 
of  the  cruft  above  a  support  surface. 

For  the  adopted  design  condition  (selection  of  fan  based  on  maximum 
efficiency),  the  use  of  the  pooniblo  stability  of  the  fan  stator  with 
respect  to  reducing  the  air  supply  into  the  flow-through  section  and  with 
respect  to  the  correspond  ing  drop  in  the  craft  elevation  above  the  support 
surface  io  restricted.  Thus,  when  the  vanes  of  the  stator  are  mounted  at 
the  angle  -  -30*,  the  working  point  passes  beyond  the  oection  of  the 

separation  zone  of  the  characteristic  and  a  further  slight  reduction  in 
the  angle  A0j1A  causes  a  jumplike  drop  in  the  fan  capacity  and  so  intense  s 

drop  in  the  pressure  built  up  by  the  fan  that  owing  to  the  air  deficiency 
the  nozzle  installation  io  now  incapable  of  producing  the  required  lift  to 
sustain  the  craft  in  the  air,  and  the  craft  makes  a  hard  landing  from  the 
elevation  determined  by  the  oxtreme  working  point  on  the  right  branoh  of 
the  fan  characteristic. 

The  takeoff  and  climb  of  a  craft  to  the  design  elevation  is  also 
complicated.  For  a  craft  to  be  able  to  lift  iff  from  the  support  surface, 
it  is  necesoary  to  have  G/S  when  4  ■  0.  For  the  transition  to  the 
design  elevation  it  is  necessary  that  the  left  branch  of  the  fan  charac¬ 
teristic  passes  above  the  characteristic  of  the  required  pressures  and 
volume  flows  of  the  craft.  For  the  craft  to  onter  the  design  elevation, 

it  ia  necessary  to  install  the  stutor  vanes  at  the  angle  A0U.  »  +20*, 

HA 

where  in  thin  case  also  the  transition  of  the  working  point  through  the 
separation  /.one  will  be  accompanied  by  the  surging  regime  of  fan  optratlon 
with  all  of  its  consequences. 
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Ki g.  sy).  Vh riation  in  air 
cushion  vehicle  characteristics 
by  regulating  fan  guide  unit 
(G  -  0000  kg;  -  10  mj  b  ■ 

0.1?  m;  <P -  4 *3* ;  Dk  -  2.43  m; 

r;  -  yj'j  rpm;  u  ■  t»0.6  m/sec) 

KLY:  A  —  kg/ir^ 

H  —  m^/nec 


The  fan  stator  produced  a  zone  of  advantageous  changes  in  H  and  <4 
lying  along  the  characteristic  of  the  network  drag  H  ■  kQ^f  where  k  ii  a 
constant  independent  of  pressure  H.  Therefore,  for  ordinary  commercial 
fans  in  which  the  characteristic  of  the  network  drag  is  simultaneously 
the  characteristic  of  the  required  pressures  and  volume  flows,  method  of 
regulation  by  using  the  stator  in  very  advantageous,  since  it  permits 
extensive  regulation  with  respect  to  pressure  H  and  volume  flow  Q  for 
fairly  lar*-e  fan  efficiencies. 

In  an  air  cushion  vehicle  the  fan  operating  regime  is  determined  by 
the  characteristic  of  the  required  pressures  and  volume  flows,  differing 
widely  from  the  ordinary  network  characteristic.  The  zone  of  advantageous 
changes  in  I!  and  y  produced  by  the  fan  stator  intersects  the  characteristic 
of  the  required  pressures  and  volume  flows  of  an  air  cushion  vehicle  and 
only  partially  coincides  with  it.  At  small  volume  flows  and  pressures,  the 
characteristic  of  the  required  H  and  W  values  of  a  craft  departs  rapidly 
to  the  left  from  the  design  values  of  H  and  Q,  approaching  the  constant 
value  H  »  C/S,  when  k  -  0. 
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The  extent  of  regulation  by  a  fan  stator  can  be  somewhat  enhanced  if 
we  depart  from  the  particular  design  condition  we  have  been  considering  — 
selecting  a  fan  by  its  maximum  efficiency.  Thus,  moving  on  to  larger  design 
values  of  the  dimensionless  volume  flow  Q  for  the  same  total  pressure  H  and 
the  correspondingly  smaller  fan  efficiencies,  we  can  also  shift,  in  the 
coordinaten  II  and  Q,  the  working  branches  of  the  fan  characteristic  to  the 
left  and  thus  expand  the  zone  of  stable  regulation,  and  narrow  the  zone  of 
surge  regimes. 

In  one  of  these  canon  (Fig.  259),  the  design  parameters  for  fan  selec¬ 
tion  were  taken  an  the  follovingi  B  -  0.44,  §  ■  0.43,  and  f  •  0.8,  and  for 
the  air  cushion  vehicle  H  «  1 39  kg/m^,  ^  »  100  m^/sec,  and  h  ■  0.2  m.  To 
these  conditions  there  corresponds  a  fan  with  ■  2.43  m,  n  395  rp®»  and 

arbitrary  vane  placement  angle  in  the  statorAfl^  -  +10°. 

By  comparing  the  corresponding  curves  (Figs.  238  und  259),  we  can  see 
that  in  this  cane  the  extent  of  regulation  by  means  of  the  stator  vanea 
becomes  greater  and  becomes  possible  in  the  range  AO ^  »  +10  to  “39*» 

while  in  the  preceding  cane  AO  -  -10  to  -30°.  The  critical  elevation 

of  an  air  cushion  vc!  i  le  above  a  support  surface  at  which  the  surge  fan 
regime  sets  in  war.  rein  ed  from  h  »  0.14  m  to  h  ■  0.07  m,  that  is,  by  a 
factor  of  two.  Hove  oven  in  this  case  the  transition  of  the  working 

points  through  the  surge  zone  of  tne  fan  in  not  precluded. 

Not*  that  the  better  the  flow-through  aection  of  an  air  cushion 
vehicle  is  from  the  aerodynamic  standpoint,  that  is,  the  smaller  the 
detrimental  nerodynamic  drug  of  the  ducts  over  the  area  from  the  fan  to 
the  nozzle  installation  (receiver  and  its  components),  the  Icbs  advantageous 
becomes  th*  method  of  reguluting  using  the  stator,  since  the  steepness  of 
the  rise  in  the  characteristic  of  the  required  pressures  and  air  volume 
flowo  of  the  cruft  becomes  less  and  thus  the  range  of  regulation  iB  also 
correspondingly  narrowed. 


These  factors  strongly  limit  the  effective  use  of  a  fan  stator  as  a 
device  for  extensive  regulation  of  the  takeoff  and  landing  regimes  of  an 
air  cushion  vehicle.  The  possibility  of  providing  design  parameters  H  and 
for  small  fan  dimensions  is  u  marked  advantage  of  selecting  a  fan  based 
on  large  values. 


rfhen  employing  the  combined  regulation  by  varying  both  the  stator  vane 
placement  angle  of  a  fan  us  well  as  the  angular  velocity  of  the  fan  impeller 
simultaneously  in  u  craft,  the  air  cushion  vehicle  takeoff  and  landing 
procron  can  be  executed  at  relatively  low  fan  wheel  rpm  values  and  in  a 
narrow  range  of  elevations  in  which  the  surge  regime  of  fan  operation  ia 
found,  which  makes  the  craft  takeoff  and  landing  less  hazardous.  To 
execute  these  maneuvers,  it  is  advantageous  to  mount  these  stator  vanoa 
at  the  maximum  angle  and  then  gradually  increase  the  angular  velocity 


of  the  impeller  in  the  caae  of  takeoff,  and  to  reduce  it  —  in  the  case 
of  landing.  Here  the  an/^ilar  velocity  of  the  impeller  for  entering  the 
design  regime  will  be  at  a  minimum. 

A  marked  improvement  in  rogulating  air  cushion  vehicle  characteristics 
can  be  attained  by  employing  antisurge  deviceo  on  the  fan.  However,  for 
large  vane  placement  angles  on  the  fan  impeller,  these  devices  do  not 
completely  eliminate  the  trough  in  the  fan  characteristic  and  do  not  afford 
the  desired  solution  to  the  problem. 


59*  Effect  of  Fan  Blade  Placement  Angle  on  Craft  Characteristics 

One  of  the  effective  methods  of  varying  the  air  cushion  vehicle 
character in  ties  cun  be  a  method  baood  on  varying  the  blade  placement  angle 
of  the  fan  impeller  at  constant  rpm.  This  method  permits  the  followings 

to  use  axial  fans  of  relatively  small  size  on  a  craft,  since  the  design 
regimes  of  the  craft  for  large  impeller  blade  placement  angles  can  be  achieved 
without  employing  antisurge  devices; 

avoiding  the  hazards  of  surge  fan  operating  regimes  in  all  possible 
craft  operating  conditions;  and 

affording,  within  wide  limits,  regulation  of  fan  operation,  that  is, 
varying  the  amount  of  air  fed  to  the  flow-through  section,  and  providing 
the  corresponding  reduction  in  the  elevation  of  the  craft  above  the  support 
surface  while  retaining  quite  high  fan  efficiencies. 

In  some  cases  of  craft  layout,  these  advantages  become  decisive  and 
predetermined  method  of  selecting  the  method  of  varying  craft  characteristics. 
Disadvantages  of  this  method  include  the  marked  complexity  in  fan  wheel 
design,  since  it  must  be  fitted  with  a  device  permitting  the  blades  to  bo 
swiveled  during  operation. 

Let  us  examine  thin  method  more  closely.  Suppose  a  craft  with  weight 
G  -  0000  kg  has  a  single-pass  annular  nozzle  with  diametec  -  10  m,  exit 
width  b  ■  0.12  m,  and  angle  of  nozzle  generatrix  inclimti> a  -  45*.  The 
drag  coefficient  of  the  flow-through  section  ducts  ^  >  0.%  An  axial 

TaAGI  K-06  fan  with  impeller  diameter  •  2.2  m  and  number  of  blades 

z  ■  12  is  mounted  on  the  craft.  The  fan  is  equipped  with  a  device  that 
makes  it  possible  to  vary  the  impeller  blade  placement  angle  within  the 
range  ■  10  -  40°,  The  motor  driving  the  fan  provides  a  constant 

angular  velocity  n  ■  742  rpm. 

The  characteristic  of  required  total  pressures  and  air  volume  flows 
of  this  craft  is  shown  in  Fig.  240  in  the  coordinates  H  and  k.  On  this 
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ciiarnc  teri.ii  t  j  •  art  plotted  the  linen  determining  the  elevation  of  the  craft 
above  a  nupport  surf  a  '.<•  and  the  drag  coefficient  of  the  craft  flow- 

through  aection  corresponding  to  thin  elevation.  Alno  given  in  these  same 
coordinates  are  the  dimensional  chaructoristico  of  the  axial  K"06  fan  for 
different  ur.glec  of  blude  placement  on  an  impeller  with  diameter  Dk  ■  2.2  m 

and  constant  angular  velocity  n  *  742  rpm. 

If  we  assume  tfi.it  tne  working  point  on  the  characteristic  for  a  fan 

with  bludt  placement  ingle  #  ■  40®  determines  the  design  operating 

K  * 
regime  •  whirl  the  elevation  h  «  0.2  n,  air  volume  flow  ^  »  100  nr/aoc, 
and  total  ;  rensur.-  -  iy>  Kg/ m*  correspond,  then  the  craft  can  be  brought 
into  this  den i(7  r<  g  .<  uivantageoucly  un  follown. 


First,  the  fan  blades  are  positioned  by  the  angle  6^  ■  0  and  the 

impellers  driven  to  n  -  742  rpn.  Then,  by  increasing  the  angle  & the 

craft  is  brought  into  the  regime  corresponding  to  the  working  point  1  at 
which  the  instant  of  craft  liftoff  from  the  aupport  surface  is  reached. 

With  further  increase  in  tiie  angle  0^,  the  craft  lifts  off  from  the  support 

surface  and  enters  the  free  hovering  regime.  To  attain  the  design  hovering 
elevation,  it  is  sufficient  to  bring  the  angle  of  fan  blade  placement  to 
0^  -  40*.  The  variation  in  the  fan  operating  regime  is  determined  by  the 

section  0-1-2  of  the  characteristic  of  the  required  pressures  and  volume 
flows.  By  this  method  of  bringing  the  craft  to  the  design  hovering  height, 
the  presence  in  the  fan  characteristic  of  troughs  and  discontinuities 
ordinarily  occurring  for  axial  fans  for  large  blade  placement  angles  has 
no  detrimental  effect  on  fan  operation. 

Knowing  the  characteristic  of  the  required  pressures  and  volutno  flows 
of  a  craft  an  well  as  the  characteristics  of  a  fan  with  discontinuities  for 
large  angles  6 k,  and  varying  the  impeller  diameter  and  its  angular  velocity, 

we  can  select  a  fan  with  impeller  diameter  and  angular  velocity  for  which 
bringing  the  craft  to  the  design  regime  by  varying  the  angle  of  blude 
placement  can  carried  out,  bypassing  the  zone  of  unstable  fan  operation 
and  thus  no*  resort in/  to  mooting  antisurge  devices  on  the  fan. 

Dimension  lone  churn  term  tics  of  th<  power  N  -  f(w)  required  by  the 
fan,  ana  th»-  dependence  of  the  expended  Nj  and  required  power  ami  their 

ratio  on  the  air  volume  flow  corresponding  to  varying  the  fan 

operating  r<  gi::ie  while  the  blade  placement  angle  9^  on  the  fan  wheel  is 

changed,  arc  shown  in  Fig.  241.  An  we  can  see,  as  the  blade  placement 
angle  is  reduced,  leuding  to  a  corresponding  drop  in  the  craft  elevation 
above  the  support  surface,  the  ratio  of  expended  power  to  required  power 
rises.  However,  compared  with  the  methods  of  regulation  involving  varying 
the  fan  angular  veloci  ty  or  throttling  the  stream  in  the  craft  flow-through 
section,  th«*  technique  based  on  varying  the  blade  placement  angle  is 
energetical ly  most  advantageous.  This  is  because  the  fan  operating  regime 
varies  approximately  in  the  zone  of  H  and  U  values  in  which  the  maximum 
fan  efficiencies  lie  for  different  blado  placement  angles  (of.  Fig.  240). 


00.  Effect  of  Varying  Craft  Weight  on  Its  Character istica  With  Pan  Operating 

Hy  using  the  characteristics  of  required  pressures  and  volume  flows  of 
a  craft  and  the  aerodynamic  characteristics  of  the  fan  installed  on  it, 
we  can  conveniently  trace  the  variation  in  the  craft  aerodynamic  parameter? 
and  craft  elevation  ubovo  a  support  st 'face  when  acted  on  by  variation  in 
craft  weight  (with  additional  cargo  stowed  or  with  a  reduction  in  total 
craft  weight  as  fuel  is  consumed). 
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Chara  tfriii ticn  >1'  required  pressures  and  volume  flowa  for  a  craft 
v- 1  th  it  j  I'ii  :i  geometrical  paramo  tern  of  the  nozzle  inn  tu  llat  ion  md  flow 
through  ..  turn,  for  different,  craft,  weights,  ore  given  in  Pig.  242,  which 
ilno  nnown  ti  e  sections  of  tin.  network  drag  characteristic  determining 
the  era.  t  i-ii'vati  n  alrr/<  a  n..;  p  rt  surface.  These  characteristics  were 
plotted  i  c/  !„}s.  ( 5  *>9 )  •  and  ('V.).  Here  also  are  given  the  charac- 

teriatic  of  the  K-/V  ax^al  fan  for  constant  angular  velocity  of  its 
impeller. 

Tin  fan  opera  tit  •  regime  in  the  flow-through  section  of  a  craft  is 
Jetemined  hv  trie  point  at  which  its  characteristic  intersects  the  charac¬ 
teristic  of  the  required  tirosnurea  and  volume  flows  reflecting  the  charac¬ 
teristic;;  oi  the  network  as  well  an  the  craft,  therefore  it  is  obvious 
that  vary  ing  tru  aerodynamic  para  me  era  of  the  craft  under  the  effect  of 


variation  in  craft  weight  will  be  defined  by  the  section  (shown  with  a 
bold  line  in  Pig.  242)  of  the  fan  characteristic  bounded  by  the  correspond¬ 
ing  characteristics  of  the  required  pressures  and  volume  flows* 

As  we  can  see,  as  the  craft  weight  is  reduced,  with  constant  fan  rpm, 
the  amount  of  air  supplied  into  the  flow-through  section  become*  greater, 
tho  total  pressure  built  up  by  the  fan  in  the  network  is  reduced,  and  the 
craft  hovering  height  above  the  support  surface  iu  correspondingly  increased* 

Thus,  for  a  craft  with  weight  G  -  12, OX  kg  with  a  single-pass  annular 
nozzle  (diameter  ■  10  m),  with  exit  width  b  ■  0*12  m,  and  angle  of 
generatrix  inclination  <P  ■  45*t  at  the  craft  elevation  h  ■  0.085  m  above 
a  support  surface,  the  fan  supplies  air  into  the  flow-through  section  in 
the  amount  W  »  68  m3/scc  at  the  total  pressure  H  -  1&5  kg/n>2,  As  the  craft 
weight  is  reduced  down  to  G  ■  8000  kg,  the  fan  will  feed  air  into  the 
network  —  at  the  same  rpm  —  in  the  amount  W  •  92  mJ/sec  at  a  total  pressure 
H  •  151  kg/m2.  The  elevation  of  the  craft  here  will  go  up  to  h  -  0.175  «• 

On  inspecting  the  functions  determining  the  effect  that  techniques  of 
varying  fan  operating  regime  have  on  the  aerodynamic  and  energy  character¬ 
istics  of  air  cushion  vehicles,  we  can  draw  the  following  principal  conclu¬ 
sions. 

By  varying  the  fan  rpm,  over  a  wide  range  we  can  modify  the  aerodynamic 
ctmracteriotics  of  an  air  cushion  vehicle.  When  the  fan  characteristic 
shows  a  trough  and  discontinuities,  bringing  the  craft  in'.o  the  free  hovering 
regime  always  involves  operating  the  fan  in  tho  surge  regimes.  As  a  result, 
impacts  of  the  croft  against  the  ground  and  unstable  fan  operation  are 
posoible  alo ng  with  pulsating  aerodynamic  loads  on  the  fun  impeller. 
Energetically,  this  method  of  regulation  as  applied  to  air  cushion  vehicles 
in  uneconomical,  but  in  several  cases  it  can  be  markedly  lmprovod  by  using 
antisurge  units  with  the  fan. 

The  method  of  modifying  air  cushion  vehicle  characteristics  by  throt¬ 
tling  the  air  stream  in  the  craft  flnw-thrcugh  soct'on  is  marked  by  the 
simplicity  of  its  design  execution.  However,  it  als  ,  has  the  same  dis- 
’ 'vantages  as  the  method  based  on  varying  the  fan  rpm.  Energetically, 
in  also  disadvantageous  since  it  involves  the  nonproductive  outlay  of 
power  in  overcoming  the  additional  drag  introduced  by  the  throttlo  unit 
into  the  ci'aft  flow-through  section. 

Varying  the  fan  operating  regime  by  rotating  its  stator  vanes  does 
not  provide  extensive  regulation  of  the  aerodynamic  parameters  of  air 
cushion  vehicle.  Thin  is  predetermined  by  the  specific  feature  of  the 
characteristic  of  required  pressures  and  volume  flows  for  an  air  cushion 
vehicle.  The  takeoff  and  landing  of  a  craft  when  this  method  of  regulation 
is  used  involves  operating  the  fur.  in  tie  surge  regimes  with  all  the 
resulting  consequences.  One  advantage  of  tMs  method  ia  \ts  marked 
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simplicity,  Regulation  characteristics  can  be  improved  by  using  two 
methods  ~  swiveling  the  fin  stator  vanes  and  varying  the  fan  impeller  rpm. 

The  ni-thol  of  varying  the  aerodynamic  characteristics  of  an  air 
cushion  vehicle  that  relies  on  varying  the  blade  placement  angle  on  the 
fan  impeller  is  most  advantageous  both  aerodynamical ly  and  energetically. 
This  method  provides  extensive  regulation  of  the  aerodynamic  parameters 
in  croft  takeoff  and  landing  and  avoids  the  zones  of  unstable  fan  operation 
and  the  corresponding  inn tal lotion  of  antisurge  units  in  the  fan.  Here  the 
vuriation  in  the  fan  operating  regime  occurs  in  the  region  of  high  fan 
efficiencies .  A  marked  drawback  of  thin  method  of  regulation  is  the 
complexity  of  the  fun  impeller  design,  since  it  munt  be  provided  with  a 
device  capable  of  rotating  the  impeller  blades  as  the  fan  is  operating. 

Any  give:  method  >f  vurying  fan  operating  regimes  for  modifying  the 
aerodyr.at ,  i  nara  teri;  ti  s  of  an  air  cushion  vehicle  must  be  chosen  based 
on  spec  .if  r»*c,ui:vm“Mij  imposed  on  the  cruft  under  construction.  Just  as 
in  >1:1  i  t  i..g  in  lut the  method  selected  in  a  technical  compromise. 
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